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Abstract 
Hydraulic jumps occur naturally when supercritical flow transitions into subcritical flows in a sudden, extremely turbulent 
three-dimensional process.  Research of hydraulic jumps is a challenge and to date turbulence and air-water flow 
measurements are limited to hydraulic jumps in smooth rectangular channels.  Past studies of above uniformly distributed 
roughness focused on the identification of the conjugate depth relationship and mean flow velocities.  No study has 
investigated the bed roughness effects on the air-water flows in hydraulic jumps.  The present study systematically 
researched the effects of macro-channel bed roughness upon the basic flow patterns and air-water flow properties.  
Detailed experiments of hydraulic jumps were conducted for three different channel bed configurations comprising smooth 
bed, and two different configurations of macro-roughness.  Experiments were conducted for a range of discharges 0.012 ≤ 
Qw ≤ 0.106 m
3/s, corresponding to upstream Froude numbers of 1.7 ≤ Fr1 ≤ 6.5 and to Reynolds numbers of 6.3 × 10
4 ≤ 
Re ≤ 2.1 × 105.  The hydraulic jumps on the rough bed exhibited some characteristic flow patterns including a pre-
aeration of the flow upstream of the hydraulic jump, an upwards shift of the jump roller resulting in a reduction of jump 
length, a clear water flow region underneath the jump and a stabilisation of the jump toe fluctuations.  Air-water flow 
measurements were conducted with a newly designed conductivity probe from WRL.  The overall distributions of air-water 
flow properties were similar for the rough and smooth bed hydraulic jumps.  Comparative analysis highlighted some 
distinctive effects of the bed roughness including an upwards shift of the hydraulic jump and an increase in bubble count 
rate and void fractions in the region close to the jump toe.  In the second half of the hydraulic jumps the rough bed lead to 
elevated levels of void fraction in the recirculation region suggesting a lesser aeration of the free-surface region.  The 
present study highlighted the potential that improved and non-standard designs may have for flow manipulations and 
design enhancements. 
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1. Introduction 
Hydraulic jumps occur in many natural waterways, open channels and canals as well as 
downstream of man-made hydraulic structures when fast flowing supercritical flow transitions 
into subcritical flows (Bélanger 1841; Bakhmeteff 1932).  The transition is sudden, extremely 
turbulent and associated with energy dissipation, air entrainment, large-scale turbulence, spray, 
splashing, and surface waves (Figure 1-1).  A hydraulic jump is a strong dissipative process 
commonly observed in stilling basins (Hager 1992; Chanson and Carvalho 2015).  Figure 1-1A 
illustrates a hydraulic jump in a laboratory channel.  Figure 1-1B shows a hydraulic jump 
downstream of a dam spillway during a flood.  The stilling basin was equipped with large blocks 
to assist with the energy dissipation (Figure 1-1C).  In each case, the flow was highly turbulent 
and the white waters highlighted the strong air bubble entrainment in the hydraulic jump.  The 
aeration performances are associated with intense mixing and air-water mass transfer which 
may lead to an improvement of environmental flows. 
 
The flow turbulence in hydraulic jumps is extremely complicated and three-dimensional, and it 
remains a challenge to engineers, scientists and researchers (Rajaratnam 1967; Chanson 
2009a).  Basic features of jumps with a breaking roller are the development of large-scale 
vortices, the air bubble entrapment at the jump toe, the interfacial aeration/de-aeration at the 
roller upper free-surface and the interactions between entrained bubbles and coherent turbulent 
structures in the jump roller, as seen in Figure 1-1A.  To date turbulence measurements in 
hydraulic jumps are limited to smooth rectangular channels (Rouse et al. 1959; Resch and 
Leutheusser 1972; Babb and Aus 1981; Zhang et al. 2013; Zhang et al. 2014; Wang et al. 2014 
a, b). 
 
The effects of bed roughness on hydraulic jumps were investigated (a) in terms of the impact of 
baffles in stilling basins and (b) with uniformly distributed roughness (Table 1-1).  Hydraulic 
jump stilling basins are relatively expensive structures, and detailed hydraulic design guidelines 
were developed based upon extensive physical modelling (e.g. Bradley and Peterka 1957 a, b, c, 
d, e, f).  The design may include steps, blocks, baffles, sills, expansion, drops, typically used to 
increase the rate of energy dissipation, decrease the basin length and stabilise the jump toe 
position (USBR 1987; Chanson and Carvalho 2015).  Figure 1-1C shows the details of large 
baffle blocks in the stilling basin of the Hinze dam spillway. 
 
A number of studies were conducted on hydraulic jumps above uniformly distributed roughness 
(Table 1.1).  Following Rajaratnam (1968), and Leutheusser and Schiller (1975), most 
investigations focused on simple free-surface measurements to identify the conjugate depth 
relationship for hydraulic jumps on rough channel beds.  Several studies also incorporated 
measurements with Prandtl-Pitot tubes to measure the mean velocity distributions and boundary 
layer parameters in the mono-phase flow parts of the jumps (Table 1.1).  Recently Pagliara and 
Palermo (2015) used a single-tip conductivity probe to measure the conjugate depth taking into 
account any pre-aeration effect upstream of the jump and flow aeration downstream of the 
jump.  While this study highlighted the relevance of aeration on the conjugate depth 
relationship, to date no study investigated the bed roughness effects on the air-water flows in 
hydraulic jumps.  Herein, the present study systematically researched the effects of macro-
channel bed roughness upon the basic flow patterns and air-water flow properties in hydraulic 
jumps (Table 1.1). 
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(A) Laboratory jump on smooth channel bed: Fr1 = 4.5; Re1=1.8×10
5; B = 0.5 m; d1 = 
0.055m; x1 = 1.25 m; flow from right to left; shutter speed: 1/5,000 s 
 
 
 
(B) Hydraulic jump stilling basin in operation at 
the Hinze dam (Australia) on 29 January 2013; 
qw = 16.6 m
2/s, Re1 = 1.6×10
7 
 
 
(C) Baffle block in the stilling basin of the 
Hinze dam spillway (Australia) on 24 October 
2014 - Each block, 3.2 m high, was designed 
based upon a physical model study 
Figure 1-1: Hydraulic jumps 
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Table 1.1: Experimental studies of stationary hydraulic jumps with rough channel bed 
Reference Roughnes
s height 
ks [mm] 
Comment B 
[m] 
d1 [m] x1 
[m] 
Fr1 Re1 Qw 
[m3/s] 
Instrumen-
tation 
Rajaratnam 
(1968) 
1-2.5 
 
9 
Wire mesh 
Gravel 
 
0.31
1 
0.0155
-0.049 
-- 4.3-
9.5 
4104-
1.5105 
0.012-
0.050 
Point gauges, 
Pitot-Prandtl 
tube (Ø=3 
mm) 
Leutheusser 
and Schiller 
(1975) 
5.6-22 Roughness 
spheres & 
strips 
0.23
5 
-- -- 1-4 1.5-
5×105 
- Point gauges, 
Pitot-Prandtl 
tube (Ø=3 
mm) 
Hughes and 
Flack 
(1984) 
3.2-11.3 Strip 
roughness 
& gravel 
0.30
5 
0.011-
0.033 
-- 2.3-
10.5 
- 0.010-
0.015 
Point gauges 
Ead and 
Rajaratnam 
(2002) 
- Corrugat-
ed sheet 
0.44
6 
0.025 
& 
0.051 
0.02 4-
10 
5.1105
- 
2.1×106 
0.023-
0.092 
Point gauges, 
Pitot-Prandtl 
tube (Ø=3 
mm) 
Carollo et 
al. (2007) 
4.6-32 Gravel 0.60 0.015-
0.070 
-- 2.2-
8.7 
-- -- Point gauges 
Pagliara et 
al. (2008) 
6.7-45.6 Uniform & 
non-
homogen-
eous 
gravel 
0.35 0.099-
0.034 
0.1-
0.2 
2.2-
12.2 
2.2×104
-
1.1×105 
0.006-
0.031 
Point gauges 
Pagliara and 
Palermo 
(2015) 
6.7-45.6 Gravel on 
inclined 
channel 
0.34
5 
-- -- 2-
9.5 
-- -- Point gauges; 
single-tip 
conductivity 
probe 
Present 
study 
12 
 
 
 
39 
Rough bed 
1 
 
 
Rough bed 
2 
 
0.5 0.034-
0.066 
 
 
0.036-
0.073 
1 1.5-
6.5 
 
 
1.7-
4.6 
3.3×104
-
2.1×105 
 
6.3×104
-
2.1×105 
0.012-
0.103 
 
 
0.032-
0.106 
Point gauges, 
dual-tip 
phase 
detection 
probe 
(Ø=0.125) 
 
 
1.1 Theoretical Considerations 
A hydraulic jump constitutes some form of discontinuity in terms of the pressure and velocity 
fields at the jump toe.  In an integral form, the continuity and momentum principles give a 
system of equations linking the flow properties upstream and downstream of the jump (Lighthill 
1978; Chanson 2012): 
 
 2211 AVAVQw                        (1) 
 
  sin)(
21
1122   ffric
AA
w WFdAPdAPVVQ        (2) 
 
where: 
Qw is the water discharge 
d and V are the flow depth and velocity respectively 
 is the fluid density 
g is the gravity acceleration 
A is the flow cross-sectional area 
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 is a momentum correction coefficient 
P is the pressure 
subscripts 1 and 2 refer to the upstream and down-stream flow conditions respectively 
Ffric is the flow resistance force 
Wf is the weight force and  
 is the angle between the bed slope and horizontal. 
A complete solution for an irregular channel was developed (Chanson 2012; Leng and Chanson 
2015). 
 
For a horizontal channel, the solution of Equations (1) and (2) yields: 
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where B1 and B2 are respectively the upstream and downstream free-surface widths and the 
definition of the Froude number 1111 // BAgVFr   was developed based upon momentum 
considerations and is identical to an expression derived from energy considerations (Henderson 
1966).  In Equation (3), B and B' are characteristic transverse dimensions linked to the cross-
sectional shape such as: 
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Equation (3) expresses the upstream Froude number as a function of the ratio of conjugate 
cross-sectional areas A2/A1, the flow resistance force and the irregular cross-sectional shape 
properties.  For a fixed upstream Froude number, the effects of bed friction implies a smaller 
ratio of conjugate depths d2/d1 with increasing flow resistance, where d2 and d1 are the 
conjugate flow depths (Chanson 2012).  The finding is consistent with physical data in laboratory 
flumes (Leutheusser and Schiller 1975; Pagliara et al. 2008). 
 
For a rectangular horizontal channel, Equation (3) may be simplified into: 
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In the case of a smooth horizontal rectangular prismatic channel, the continuity and momentum 
equations yield the classical Bélanger equation (Bélanger 1841; Chanson 2009c): 
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                     (7) 
 
1.2 Structure of the Report 
In the present study, the air bubble entrainment in the jump roller is re-visited for hydraulic 
jumps above macro-roughness beds.  Detailed laboratory experiments were conducted in a 
large-size facility operating at large Froude and Reynolds numbers (1.5 < Fr1 < 6.5, 3.310
4 < 
Re1 < 2.110
5).  Such conditions are representative of small full-scale urban storm waterways.  
Herein the focus of the work is on effects of bed roughness on the turbulent mixing and 
transport of air bubbles in the developing shear layer, with detailed air–water flow properties in 
hydraulic jumps at relatively large Reynolds numbers. 
 
In section 2, the experimental facility, the instrumentation and the signal processing techniques 
are introduced and the bed roughness configurations described. 
 
Section 3 presents the air-water flow patterns of hydraulic jumps with rough channel bed 
including a compilation of photos with the most typical features, the conjugate depth 
relationships and some undular hydraulic jump flow patterns. 
 
In section 4, the inflow conditions upstream of the hydraulic jump are presented.  The bed 
roughness resulted in pre-aeration for a number of flow conditions and the air-water flow 
properties are presented including the void fraction, bubble count rate and turbulence properties. 
 
In section 5, a comparative analysis of air-water flow properties is conducted for the rough bed 
configurations and smooth bed hydraulic jumps with comparative Froude and Reynolds numbers.  
In addition to vertical distributions of flow properties, a number of characteristic air-water flow 
parameters are compared. 
 
Section 6 presents a comparative analysis of air-water flow properties for same upstream Froude 
numbers to identify scale effects in the aerated flows on hydraulic jumps with rough bed. 
 
The report finishes with a conclusion.  Additional information is provided in several Appendixes 
including the comparative analysis of two conductivity probe systems and the presentation of 
experimental data. 
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2. Physical Modelling and Experimental Facility 
2.1 Dimensional Analysis 
Theoretical and numerical analyses of hydraulic jumps at the micro-scale are based upon a large 
number of relevant equations to describe the two-phase gas-liquid turbulent flow and the 
interactions between entrained bubbles and coherent structures (Chanson 2013).  Considering a 
hydraulic jump, the analysis outputs must be tested against a broad range of two-phase flow 
parameters: "no experimental data means no validation" (Roache 2009).  Physical modelling 
may provide detailed information into the hydraulic jump flow motion, based upon a suitable 
dynamic similarity (Foss et al. 2007; Chanson 2009a).  For a hydraulic jump in a horizontal 
rectangular channel (e.g. Figure 1-1A), dimensional considerations give a series of dimensionless 
relationships in terms of the turbulent air-water flow properties at a position (x,y,z) within the 
hydraulic jump as functions of the fluid properties and boundary conditions.  Since the upstream 
flow depth d1 is the characteristic length scale, a simplified dimensional analysis yields: 
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where: 
P is the pressure 
p' is a characteristic pressure fluctuation 
V is the interfacial velocity 
v' is a characteristic turbulent velocity 
C is the void fraction 
F is the bubble count rate defined as the number of bubbles detected per second in a small 
control volume 
x is the longitudinal coordinate 
y is the vertical elevation above the invert 
z is the transverse coordinate measured from the channel centreline 
 and  are the water density and dynamic viscosity respectively 
 is the surface tension between air and water 
x1 is the longitudinal coordinate of the jump toe 
v1' is a characteristic turbulent velocity at the inflow 
B is the channel width 
ks is the equivalent roughness height of the channel bed. 
 
In the right hand side of Equation (8), the 4th, 5th and 6th terms are respectively the upstream 
Froude number Fr1, the Reynolds number Re1 and the Morton number Mo. 
 
In a hydraulic jump, the momentum considerations demonstrate the significance of the inflow 
Froude number (Bélanger 1841; Lighthill 1978; Chanson 2012); thus the selection of the Froude 
similitude derives implicitly (Henderson 1966; Novak and Cabelka 1981; Liggett 1994).  The 
Reynolds number is another relevant dimensionless parameter because the hydraulic jump roller 
is a turbulent shear flow (Rouse et al. 1959; Resch and Leutheusser 1972; Hoyt and Sellin 
1989).  Physically it is impossible to fulfil simultaneously both Froude and Reynolds similarities 
using the same fluids in model and prototype (Equation (8)).  Laboratory modelling is typically 
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conducted based upon a Froude similitude, and the present study is no exception.  It is 
acknowledged that the air bubble entrainment might be adversely affected by adverse scale 
effects in small size models (Rao and Kobus 1971; Chanson 1997a; Murzyn and Chanson 2008).  
Herein the study was performed at relatively large Reynolds numbers to minimise potential scale 
effects, although these might not be avoidable (Chanson and Chachereau 2013). 
 
For completeness, the Morton number was selected in Equation (8), instead of the Weber 
number, because prototype hydraulic jumps operate with Reynolds numbers from 106 to in 
excess of 109, for which the surface tension is considered of lesser significance than the viscous 
effects in shear zones (Wood 1991; Chanson 1997a; Ervine 1998).  Further that the Froude and 
Morton similarities imply that We  Re4/3 when the same fluids (air and water) are used in model 
and prototype (Kobus 1984; Pfister and Chanson 2014). 
 
2.2 Experimental Facility 
Experiments were conducted in a large experimental facility at the University of Queensland in a 
flume used previously (Wang 2014; Wang et al. 2014b; 2015).  The rectangular test section was 
3.2 m long, 0.5 m wide and 0.41 m high and consisted of a horizontal high-density polyethylene 
(HDPE) bed and glass sidewalls.  A constant flow rate was supplied from an upstream header 
tank through a vertical sluice gate equipped with a rounding (Ø = 0.3 m) (Figure 2-1).  
Downstream of the gate, the contraction ratio was approximately unity for the hydraulic jump on 
smooth bed.  For the bed roughness configurations, stronger deviations from unity were 
observed.  At the downstream end of the test section, an adjustable sharp crested weir 
controlled the location of the hydraulic jump within the experimental test section.  In the present 
experiments, the jump toe position was located at x1 = 1 m downstream of the sluice gate for all 
flow conditions.  Shifts in the jump toe locations were corrected by adjusting the downstream 
weir.  Figure 2-1 presents a sketch of the experimental setup. 
 
 
Figure 2-1: Definition sketch of the experimental setup in the present study 
 
The flow rates into the header tank were supplied by a constant head tank and were measured 
by a Venturi flow meter located along the supply pipe.  Experiments were conducted for a range 
of discharges 0.012 < Qw < 0.106 m
3/s.  Three different sluice gate openings (20 mm, 36 mm 
and 52 mm) were tested to achieve a large range of Reynolds numbers 3.3 ×104 < Re1 < 1.5 × 
105.  The experimental flow conditions comprised upstream Froude numbers between 1.5 < Fr1 
< 6.5 (Table 1.1). 
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The roughness effects on hydraulic jumps were tested using three different bed roughness 
configurations.  The first configuration was the reference configuration with smooth (HDPE) 
channel bed, a configuration extensively researched in recent years (Murzyn and Chanson 2008; 
Chachereau and Chanson 2011; Wang 2014).  The other setups comprised two different bed 
roughness configurations consisting of industrial rubber mats installed over the full length of the 
channel bed including upstream of and underneath the upstream sluice gate (Figure 2-2).  The 
reason for the installation of the rubber mats underneath the sluice gate was to provide a 
uniform channel bed roughness.  Any changes of roughness along the flume could have 
impacted upon the formation of the hydraulic jump and its properties.   In rough bed 
configuration 1, the rubber mats were installed conventionally leaving some small continuous 
gaps between the HDPE invert and rubber mat floor.  The total thickness of the rubber mat from 
the HDPE bed to the top of the mat was 25.5 mm. The top of the rubber mat was defined as the 
zero position for the vertical elevations and visual observations confirmed little contribution of 
the underlying gaps to the overall flow rate.  In rough bed configuration 2, the rubber mats were 
placed upside down creating a regular pattern of larger roughness elements (Figure 2-2).  The 
vertical zero position was defined below the spikes on the horizontal and vertical strips 
positioned 17.7 mm above the smooth HDPE bed. 
 
The two bed roughness configurations were selected because of the already available rubber 
mats.  The rubber mat configurations were previously used by Leng and Chanson (2014, 2015) 
in experiments on negative surges.  Leng and Chanson (2014) quantified the roughness 
characteristics during detailed open channel flow experiments resulting in an average equivalent 
sand roughness height of ks = 12 mm for roughness configuration 1 and of ks = 39 mm for 
configuration 2.  These data were obtained in subcritical gradually varied steady flow conditions.  
It is acknowledged that the present experiments were conducted under supercritical flow 
conditions and that the equivalent sand roughness height might differ from the reported values.  
Leng and Chanson (2014) reported also the permeability of bed roughness configuration 1; with 
hydraulic conductivity K≈0.14 m/s and permeability k≈1.4×10-8 m2.  The rubber mats provided 
two bed roughness configurations with macro-roughness elements which had strong effects upon 
the hydraulic jump flow patterns and properties.  Micro-roughness configurations may not be 
able to sufficiently manipulate a hydraulic jump.  Further test with other roughness 
configurations are recommended to clarify the scaling and effects of other roughness elements.  
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Roughness configuration 1; Note the sluice 
gate in the background  
 
Experimental setup with roughness 
configuration 1 installed on the channel bed 
 
 
 
Roughness configuration 2; Note the mat under the 
sluice gate  
 
Roughness configuration 2 installation 
on channel bed 
Figure 2-2: Experimental channel and bed roughness configurations (present study) 
 
2.3 Instrumentation and Signal Processing 
Air-water flow experiments were conducted with phase-detection intrusive probes, previously 
used successfully in several studies of hydraulic jumps at the University of Queensland (Murzyn 
and Chanson 2008; Chachereau and Chanson 2011; Wang 2014).  The working principle of 
conductivity probes is based upon the different resistivity of air and water leading to an accurate 
detection of the air-water interfaces within highly complex aerated flows.  A conductivity needle 
sensor consists of an inner Platinum/Silver wire (inner electrode) which is shielded with an 
insulant from the surrounding metal tube (outer electrode).  When both electrodes are in water, 
the conductivity is large; when one of the electrodes is in air, the conductivity signal drops 
suddenly because of the large resistivity of air. 
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In the present study, two double-tip conductivity probe systems were used.  The first 
conductivity probe was developed at the University of Queensland (denoted as UQ sensor) and 
the second probe was a newly designed double-tip probe from UNSW’s Water Research 
Laboratory (denoted as WRL sensor).  The two double-tip conductivity sensors are illustrated in 
Figure 2-3 together with the positioning of the leading and trailing sensor tips of the respective 
sensors.  The UQ sensor had an inner electrode diameter Ø = 0.25 mm and an outer diameter of 
Ø = 0.85 mm while the WRL sensor was finer with inner and outer electrodes diameters of Ø = 
0.125 mm and Ø = 0.5 mm respectively.  The positioning between the sensors also differed 
slightly with longitudinal and transverse separations between leading and trailing tip of ∆x = 
7.25 mm and ∆z = 2.2 mm (UQ sensor) and ∆x = 7.9 mm and ∆z = 1.0 mm (WRL sensor) 
(Figure 2-3).  Both conductivity probes were positioned parallel in channel centre line at the 
same vertical elevation and with the two leading tip probes at the same longitudinal distance.  
The two conductivity probes were positioned as shown in Figure 2-3.  In each experimental run, 
the sensors were initially positioned at the channel bed for the respective roughness 
configuration and shifted vertically with a MitutoyoTM digimatic scale for profiling of air-water 
flows within a cross-section. 
 
 
Figure 2-3: Double-tip conductivity sensors in the present study; sensors were positioned parallel 
facing the flow direction (view in elevation, with slightly skewed perspective) 
 
The two conductivity probes were sampled simultaneously with an acquisition card NI USB-6251 
BNC connected to a PC with a self-designed LabVIEW data acquisition system (Felder 2013).  
Both probes were sampled for 45 s at 20 kHz per sensor at each measurement position.  The 
sampling frequency and duration were derived from a detailed sensitivity study in high-velocity 
air-water flows (Felder and Chanson 2015). 
 
Please note that the UQ sensor was used for the validation of and the comparison with the WRL 
sensor since the WRL sensor was used for the first time.  Herein most experiments were 
conducted with the WRL sensor positioned on the channel centre line.  A detailed comparison of 
the two sensor performances is presented in Appendix B. 
 
The acquired raw Voltage signals were post processed using a Fortran software enabling the 
calculation of a full range of air-water flow properties (Felder 2013).  Based upon a single-
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threshold of 50% between bimodal air and water Voltages, the raw Voltage signal was 
decomposed into an instantaneous void fraction c signal indicating a water phase when the 
Voltage signal exceeded the single threshold value and air when the Voltage was below the 
threshold value.  The integration of the instantaneous void fraction provided the time averaged 
local void fraction C and the number of changes of the air-to-water (and water-to-air) interfaces 
per unit time provided the bubble count rate F.  The time between shifts in interfaces yielded the 
air bubble chord and water droplet chord times respectively.  Further analyses of the 
instantaneous void fraction signal were performed based upon a near-wake criterion providing 
several cluster properties. 
 
More air-water properties were calculated based upon correlation analysis of the simultaneously 
sampled sensors of the respective conductivity probes.  The cross-correlation analysis between 
the leading and trailing tips provided the average travel time of particles in longitudinal direction 
resulting in the time-averaged interfacial velocity V.  The integration of the area under the cross-
correlation function was also used for the calculation of the cross-correlation time scales, a 
measure of characteristic streamwise turbulent scales of the flow.  Similarly the auto-correlation 
time scales of the leading tip were calculated.  The shape of the cross-correlation function 
provided some information about the turbulent intensity of the flow Tu following Chanson and 
Toombes (2002): 
 
 
T
T
Tu
2
5.0
2
5.0851.0



                       (9) 
 
where: 
T0.5 is a characteristic time scale for which the normalised auto-correlation function equals 0.5 
0.5 is the relative time lag where the cross-correlation function is half its maximum: 
Rxy(T+0.5) = (Rxy)max/2. 
 
In addition to the turbulence properties, the specific interface area was calculated for 
characterisation of the air-water interfaces. 
 
Further details on the signal processing techniques can be found in Chanson (2002), Chanson 
and Toombes (2002), Chanson and Carosi (2007) and Felder (2013). 
 
In addition to the air-water flow instrumentation, a pointer gauge was used to record non-
aerated flow depths upstream and downstream of the hydraulic jump.  The position of the 
downstream gate was measured with a ruler for completeness.  Furthermore the experiments 
were documented using digital cameras CanonTM DOS 450D and PentaxTM K-3 as well as video 
camera SonyTM Handycam HDR-CW100E and a digital camera CasioTM Exilim EX-10 with high-
speed video capabilities. 
 
2.4 Experimental Configurations 
An experimental campaign was conducted for three bed roughness configurations comprising a 
smooth HDPE bed and the two rough bed configurations (Table 2-1).  Detailed flow 
measurements were performed to identify the effects of the bed roughness on the turbulent air-
water flow behaviour.  The pointer gauge was used to document the free-surface profiles along 
the jump for non-aerated flow conditions comprising the recording of undular jumps and 
conjugate flow depth d1 and d2.  Please note that the upstream flow depth d1 was aerated for 
several flow conditions affecting the accuracy of the flow depth recording.  This is also reflected 
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in the listed values of d1 in Table 2.1.  During the air-water flow experiments, the upstream 
depth was calculated as equivalent clear-water depth based upon the void fraction distributions 
(see below).  For all experiments, the flow patterns were systematically recorded and results are 
presented in section 3 and Appendix A. 
 
Table 2.1: Experimental flow conditions in the present study (x1 = 1 m, B = 0.5 m) 
Configuration h [mm] d1 [mm] 
Fr1  
[-] 
Re1 
[-] 
Qw  
[m3/s] 
Comment 
Smooth HDPE bed 36 36 5.1 1.1×105 0.054 
Air-water flow measurements. 
Testing of sensors. 
Bed roughness 1 20 34-44 1.6-6.5 
3.3×104-1.3 
×105 
0.012-0.065 
Flow observations. 
Air-water flow measurements. 
36 45-56 1.9-5.5 
6.8×104-1.7 
×105 
0.034-0.083 
Flow observations. 
Air-water flow measurements. 
52 63-66 1.5-4.2 
7.8×104-2.1 
×105 
0.039-0.103 
Flow observations. 
Air-water flow measurements. 
Bed roughness 2 20 36-50 1.9-4.6 
6.3×104-9.7 
×104 
0.032-0.049 Flow observations. 
36 54-65 1.9-4.2 
8.3×104-1.7 
×105 
0.042-0.083 
Flow observations. 
Air-water flow measurements. 
 52 68-73 1.7-3.8 
1.0×105-2.1 
×105 
0.050-0.106 
Flow observations. 
Air-water flow measurements. 
 
For the smooth bed, air-water flow experiments were conducted to compare the performances of 
the two conductivity probes i.e., UQ sensor versus WRL sensor.  The comparative results are 
presented in Appendix B.  For the two rough bed configurations, the air-water flow experiments 
were mainly conducted with the WRL sensor for three different sluice gate opening heights h = 
20 mm, 36 mm & 52 mm.  Table 2.1 summarises the experimental flow conditions of the 
present study including the gate opening, the flow rate Qw, the upstream flow depth d1 as well 
as upstream Froude number Fr1 and Reynolds number Re1.  Please note that for some 
experiments on the rough bed configurations, the upstream flow depth d1 was measured with 
the conductivity probe since the flow was pre-aerated using the definition of the equivalent 
clear-water flow depth: 
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where: 
C is the time-averaged void fraction 
Y90 is the characteristic depth where C = 0.9.  
 
The experimental results of the air-water flow experiments are presented in sections 4 to 6 
including the basic air-water flow properties upstream of the hydraulic jump (Section 4), a 
comparative analysis of smooth and rough bed data to identify the effects of bed roughness 
upon the air-water flow properties (Section 5), and the investigation of scale effects in the rough 
bed hydraulic jumps (Section 6). 
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3. Flow Patterns in Hydraulic Jumps with Rough Bed 
3.1 Presentation 
The results of the visual observations of the effects of bed roughness upon the flow patterns are 
presented in this section.  The flow pattern observations were focused on the configurations with 
rough bed.  Additional photographs for a wide range of discharges are presented in Appendix A 
to complement this section.  The flow patterns were tested for three different gate openings 
relative to the defined zero position for the respective roughness type (h = 20, 36 & 52 mm).  
The jump toe was positioned at a distance of x1 = 1 m downstream of the sluice gate. 
 
In addition, a number of basic parameters such as conjugate depths relationship are presented.  
The comparative analysis of the present results with literature data on hydraulic jumps on rough 
channel beds showed some good agreement.  Effects of the measurement procedure and the 
flow aeration are discussed.  Table 3.1 summarises the experimental flow conditions for the 
observations of flow patterns.  While the present observations provided flow patterns and some 
basic recording of the conjugate depth relationships, it is recommended to undertake more 
detailed research of the free-surface characteristics.  Recordings with acoustic displacement 
sensors could quantify the effect of bed roughness upon the free-surface ripples, free-surface 
fluctuations and characteristic hydraulic jump frequencies. 
 
Table 3.1: Experimental flow conditions for flow patterns observations  
Configuration h [mm] d1 [mm] Fr1 [-] Re [-] Qw [m
3/s] 
Bed roughness 1 20 34-44 1.6-6.5 3.3×104-1.3 ×105 0.012-0.065 
36 45-56 1.9-5.5 6.8×104-1.7 ×105 0.034-0.083 
52 63-66 1.5-4.2 7.8×104-2.1 ×105 0.039-0.103 
Bed roughness 2 20 36-50 1.9-4.6 6.3×104-9.7 ×104 0.032-0.049 
36 54-65 1.9-4.2 8.3×104-1.7 ×105 0.042-0.083 
 52 68-73 1.7-3.8 1.0×105-2.1 ×105 0.050-0.106 
 
3.2 Air-water Flow Pattern of Hydraulic Jumps with Bed Roughness 1 
For rough bed configuration 1, the flow patterns exhibited a variety of hydraulic jumps (Figures 
3-1 to 3-5).  The jumps were classified as undular jumps without air entrainment, undular jumps 
with small air entrainment, hydraulic jumps with small roller and wavy surface downstream and 
hydraulic jumps with distinct jump toe roller. 
 
For all investigated flow conditions, the free-surface was rough with small ripples present in both 
super- and sub-critical flow regions.  These free-surface ripples were in particular observed for 
flow conditions with small flow depths such as the supercritical flow region between sluice gate 
and jump toe (Figures 3-2C, 3-5) as well as for the undular hydraulic jumps along the full length 
of the channel (Figure 3-1).  It appeared that there was a link between ripple size and flow 
depth, although it could not be quantified in this study.  Generally the ripples appeared to be 
smaller in size for smaller flow depths. 
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For the smallest flow rates, an undular hydraulic jump without air entrainment was observed 
independently of the gate opening.  The undulations were observed for Froude numbers Fr1 ≤ 
2.2 (Figure 3-1).  Such a range of upstream Froude numbers was slightly larger compared to 
smooth bed undular jumps (Chanson and Montes 1995; Reinauer and Hager 1995), although the 
upper limit of undular jump is related to the aspect ratio dc/B, where dc is the critical flow depth 
(Montes and Chanson 1998). [“The limit of existence of the undular jump is found at an initial 
Froude number of about 2.9 when dc/B = 0.10, but when the aspect ratio is increased to 0.45 
the Froude number is reduced to only 1.5" (Montes and Chanson 1998).]  The flow patterns 
showed a three dimensional free-surface profile with instable undulations, oscillating in both 
longitudinal and transverse directions.  In addition small free-surface ripples were observed.  
Both the wavy free-surface and the ripples are visible in Figure 3-1 for the three gate openings.  
Within the central section of the undular jump, clearly distinct standing waves were observed 
with several troughs and peaks (Figure 3-1A).  With decreasing inflow depth (i.e. smaller gate 
openings), these undulations were less distinguishable and the free-surface ripples buffered the 
undulations.  The flow depths of troughs and peaks were recorded when the flow conditions 
allowed accurate recording.  The characteristics of free-surface undulations are discussed in 
section 3.5. 
 
For 2.2 < Fr1 ≤ 2.6, undular hydraulic jumps with air entrainment were observed (Figure 3-2).  
These jumps were similar in appearance to the non-aerated undular hydraulic jumps, albeit with 
stronger free-surface fluctuations and standing waves.  A key difference was the entrainment of 
air at the first undular wave crest downstream of the jump toe and to a smaller extent at the 
following wave crests.  The entrained air consisted of a small number of clearly distinguishable 
bubbles being transported downstream before rising to the free-surface.  In addition small white 
cappings were observed at the surface of the first wave crest and to a lesser extent at following 
wave crests in the channel centreline.  The air entrainment process and the formation of surface 
air caps were not stationary and were linked to the fluctuating motion of the undular hydraulic 
jump and the three dimensional flow features.  Figure 3-2 illustrates the undular hydraulic jump 
flow patterns for the three gate openings. 
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(A) Fr1 = 2.1; Qw = 0.053 m
3/s; Re=1.0×105; gate opening h = 52 mm; flow from right to 
left 
 
 
 
(B) Fr1 = 2.0; Qw = 0.034 m
3/s; Re=6.8×104; gate opening h = 36 mm; flow from right to 
left 
 
 
 
(C)  Fr1 = 2.2; Qw = 0.024 m
3/s; Re1=4.7×10
4; gate opening h = 20 mm; flow from top to 
bottom 
Figure 3-1: Undular hydraulic jumps; Rough water surface and three-dimensional flow patterns 
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(A) Fr1 = 2.5; Qw = 0.061 m
3/s; Re1=1.2×10
5; gate opening h = 52 mm; flow from right to 
left 
 
 
 
(B) Fr1 = 2.6; Qw = 0.043 m
3/s; Re1=8.7×10
4; gate opening h = 36 mm; flow from right to 
left 
 
 
 
(C) Fr1 = 2.3; Qw = 0.026 m
3/s; Re1=5.2×10
4; gate opening h = 20 mm; flow from right to left 
Figure 3-2: Undular hydraulic jumps; Rough water surface and three-dimensional flow patterns 
with small air entrainment at the first crest 
 
With an increasing Froude number, a roller formed at the jump toe.  For 2.7 ≤ Fr1 ≤ 2.9, the 
roller formation at the jump toe was unstable resulting in secondary undulations of the free-
surface further downstream.  The roller length ranged between 0.10 m and 0.25 m, and the air 
entrainment region length between 0.25 m and 1 m.  The jump flow was affected by the 
upstream flow depth resulting in less stable roller formation for the smallest gate opening.  
Figure 3-3 illustrates the instable hydraulic jump flow patterns. 
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(A) Fr1 = 2.7; Qw = 0.069 m
3/s; Re1=1.4×10
5; 
gate opening h = 52 mm; flow from bottom to 
top 
 
 
(C) Fr1 = 2.8; Qw = 0.030 m
3/s; 
Re1=6.0×10
4; gate opening h = 20 
mm; flow from top to bottom 
 
 
 
(C) Fr1 = 2.9; Qw = 0.050 m
3/s; Re1=1.0×10
5; gate opening h = 36 mm; flow from right to left 
Figure 3-3: Hydraulic jump with small roller and wavy free-surface; Rough water surface and 
three-dimensional flow patterns 
 
For Fr1 ≥ 3.0, the hydraulic jump had a marked roller with strong turbulence downstream of the 
jump toe (Figure 3-4 and 3-5).  Upstream of the jump, the supercritical inflow was characterised 
by strong free-surface ripples which increased with decreasing flow depth and gate height.  For 
the smallest gate opening (h = 20 mm), the flow became pre-aerated for the largest flow rates 
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(i.e. Qw > 0.035 m
3/s; Fr1 > 3.3) as seen in Figures 3-4C and 3-5C.  For all flow conditions, the 
jump toe fluctuated in the longitudinal direction, in a manner similar to known features of 
hydraulic jumps on smooth bed (e.g. Chachereau and Chanson 2011; Wang 2014). However the 
longitudinal jump toe position did not oscillate as strongly as for comparable smooth bed jumps.  
While the bed roughness appeared to stabilise the overall longitudinal toe position, fast 
fluctuating movement of the jump toe and associated rapid jump toe fluctuations were observed 
for all flow conditions (Figure 3-5). 
 
 
(A) Fr1 = 3.8; Qw = 0.095 m
3/s; Re1=1.9×10
5; gate opening h = 52 mm 
 
 
(B) Fr1 = 4.5; Qw = 0.085 m
3/s; Re1=1.7×10
5; gate opening h = 36 mm 
 
 
(C) Fr1 = 4.1; Qw = 0.056 m
3/s; Re1=1.1×10
5; gate opening h = 20 mm 
Figure 3-4: Hydraulic jump with stable roller and vortex shedding - flow from right to left 
 
Although the overall appearance of the jumps with stable roller was similar to hydraulic jumps 
on smooth bed, a distinctive difference was associated with the large-scale vortical structures 
downstream of the jump toe.  For the two largest gate openings, the jump toe was shifted 
towards the surface resulting in a clear water flow region below the jump roller (Figure 3-4A and 
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B).  With increasing gate opening and flow depth respectively, the clear water flow region height 
increased.  The presence of a clear water flow region resulted in a very distinctive formation of 
vortex street downstream of the jump toe, with periodic air bubble vortex shedding into the clear 
water core region under the jump.  The interactions between the clear water boundary layer and 
the vortex shedding led to the formation of large scale eddies within the flow consisting of tube-
like vortical structures that were advected downstream.  These structures were visible in the 
aerated roller region (Figure 3-4A and B).  These large scale vortical structures were also 
observed in the hydraulic jump with smallest gate opening (h = 20 mm).  However, for this 
configuration, the clear water core region beneath the jump roller was small and the formation 
of vortex street was subdued (Figure 3-4C). 
 
Overall the air entrainment length in hydraulic jumps over large roughness appeared to be 
smaller than that in a comparable hydraulic jump on smooth bed.  Little visible difference was 
observed in terms of free-surface flow patterns, characterised by strong splashing at the jump 
toe and irregular surface fluctuations further downstream.  Further photographs of the flow 
patterns for rough bed configuration 1 are shown in Appendix A.  Table 3-2 summarises the key 
features of the flow patterns in hydraulic jumps on bed roughness configuration 1. 
 
 
 
(A) Fr1 = 4.4; Qw = 0.077 
m3/s; Re1=1.5×10
5; h = 36 
mm 
 
 
(B) Fr1 = 3.8; Qw = 0.095 
m3/s; Re1=1.9×10
5; h = 52 
mm 
 
 
(C) Fr1 = 4.3; Qw = 0.058 
m3/s; Re1=1.2×10
5; h = 20 
mm 
Figure 3-5: Upstream flow conditions and jump toe formation in hydraulic jump with stable roller 
and vortex shedding - flow from bottom to top 
 
  
WRL Research Report 259   FINAL   June 2016 20 
Table 3.2: Summary of flow patterns in hydraulic jumps on rough bed 1 
Type of jump Range Features 
Undular jump without air 
entrainment 
Fr1 ≤ 2.2 
3D free-surface with instable undulations;  
oscillations in longitudinal and transverse directions.  
Undular jump with air 
entrainment 
2.2 < Fr1 ≤ 2.6 
Strong free-surface fluctuations and standing waves; 
Air entrainment at first undular wave crest;  
Unsteady fluctuations three dimensional flow 
Hydraulic jump with small roller 
and wavy surface downstream 
2.7 ≤ Fr1 ≤ 2.9 
Unstable jump toe formation resulting in secondary 
undulations further downstream; 
Roller length ranged between 0.10 m and 0.25 m; Air 
entrainment length between 0.25 m and 1 m 
Hydraulic jump with jump toe 
roller 
Fr1 ≥ 3.0 
Marked roller with strong turbulence and air 
entrainment downstream; 
Longitudinal jump toe oscillations; 
Fast fluctuating movement of the jump toe  
 
 
3.3 Air-water Flow Pattern of Hydraulic Jumps with Bed Roughness 2 
The flow patterns of the hydraulic jumps on the rough bed configuration 2 showed some 
distinctive features, not observed on smooth bed jumps in the same experimental facility.  
Upstream of the jump, the free-surface in the inflow region was characterised by strong ripples 
reflecting the macro-roughness of the channel bed (Figure 3-7D).  In comparison with the rough 
bed configuration 1, the ripples were more pronounced both upstream and downstream of the 
jump toe. For all gate openings the upstream flow became aerated for the largest flow rates.  
With decreasing flow depth and gate opening, pre-aeration was also present for much smaller 
flow conditions (e.g. Figure 3-6C).  The pre-aeration of the inflow allowed some visualisation of 
the upstream flow, highlighting recirculation movements within the spaces between the large 
rough elements and sudden cavity ejections.  These observations highlighted the momentum 
exchange processes close to the rough bed and the overlying free-stream flows.  The large 
roughness of the channel bed led to a rapid growth of the turbulent boundary layer immediately 
downstream of the sluice gate.  When the boundary layer outer edge reached the free-surface, 
the air entrainment started naturally, in a fashion similar to spillway flows (Wood et al. 1983; 
Felder and Chanson 2014).  This process was linked to strong turbulence fluctuations close to 
the free-surface overcoming both surface tension and buoyancy effects. With decreasing flow 
depth and increasing flow velocity, the inception of the free-surface aeration started earlier. 
 
Four different types of hydraulic jump flows were observed for the rough bed configuration 2 
comprising an undular jump with flow aeration, a hydraulic jump with standing wave, a hydraulic 
jump with distinct roller and an oscillating jump between the latter two jump types. 
 
For inflow Froude numbers Fr1 < 2.3, an undular hydraulic jump was observed with air 
entrainment at the first wave crest (Figure 3-6).  For the smallest gate opening, the flow was 
pre-aerated (Figure 3-6C).  The flow patterns was three dimensional with some instable 
fluctuations of the free-surface and pseudo-periodic appearance of throughs and peaks.  The 
undular jump free-surface appeared much rougher compared to both undular jumps on smooth 
channel bed and on rough bed configuration 1. 
 
For 2.3 ≤ Fr1 ≤ 3, a hydraulic jump with standing wave at the jump toe developed resulting in 
air entrainment at the start of the jump and some significant free-surface waves downstream 
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(Figure 3-7).  No distinct jump toe or jump toe location was observed and some longitudinal 
fluctuations were present.  The standing wave was not stable resulting in unsteady jump waves 
further downstream and significant free-surface fluctuations downstream of the standing wave 
as well as fluctuations of the free-surface before the downstream gate of about 1 cm amplitude.  
The flow appearance appeared to be similar to the type of non-developed hydraulic jump 
reported by Carollo et al. (2007).  The flow was aerated at the standing wave for the largest 
gate openings, and pre-aerated for the smallest gate opening (Figure 3-7F).  
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(A) Fr1 = 2.1; Qw = 0.060 m
3/s; Re1=1.2×10
5; gate opening h = 52 mm 
 
 
 
(B) Fr1 = 1.9; Qw = 0.042 m
3/s; Re1=8.3×10
4; gate opening h = 36 mm 
 
 
 
(C) Fr1 = 2.1; Qw = 0.032 m
3/s; Re1=6.3×10
4; gate opening h = 20 mm (Note the pre-aeration) 
Figure 3-6: Undular hydraulic jumps; Rough water surface and three-dimensional flow patterns 
with air entrainment at the first crest - flow from right to left 
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(A) Fr1 = 2.9; Qw = 0.082 m
3/s; Re1=1.6×10
5; gate opening h = 52 mm; flow from right to 
left 
 
 
 
(B) Fr1 = 2.7; Qw = 0.060 m
3/s; Re1=1.2×10
5; gate opening h = 36 mm; flow from right to 
left 
 
 
 
(C) Fr1 = 2.8; Qw = 0.049 m
3/s; Re1=9.7×10
4; gate opening h = 20 mm; flow from right to left 
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(D) Fr1 = 2.6; Qw = 0.076 
m3/s; Re1=1.5×10
5; h = 52 
mm; flow from bottom to top 
 
 
(E) Fr1 = 2.7; Qw = 0.060 
m3/s; Re1=1.2×10
5 ; h = 36 
mm; flow from bottom to top 
 
 
(F) Fr1 = 2.8; Qw = 0.049 
m3/s; Re1=9.7×10
4 ; h = 20 
mm; flow from bottom to top 
Figure 3-7: Hydraulic jump with standing wave and air entrainment; Rough water surface and 
three-dimensional flow patterns 
 
For a Froude number Fr1  3, the hydraulic jump oscillated between a hydraulic jump with 
standing wave and a hydraulic jump with distinct roller.  The oscillation occurred periodically 
with a period of more than one minute.  Such an oscillating jump was characterised by a 
movement of the jump toe in longitudinal direction which resulted in the change of flow patterns 
between the two different jump types.  The oscillations were similar to the observations by 
Mossa (1999) who observed oscillating jumps in channels with abrupt drop in bed height and an 
irregular natural channel profile.  The oscillations were also similar to the pulsating flow 
movement at the upstream end of a mild sloped pooled stepped spillway, reported by Felder and 
Chanson (2013).  Figure 3-8 illustrates the oscillating jump highlighting the change-over from 
the standing wave jump to the roller jump.  The oscillating jump occurred for the gate openings 
of h = 36 & 52 mm and was not observed for the smallest gate opening suggesting that the 
inflow conditions played a major role in the jump oscillations. 
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(A) Fr1 = 3.0; Qw = 0.089 m
3/s; Re1=1.8×10
5; gate opening h = 52 mm; flow from right to 
left 
 
 
 
(B) Fr1 = 3.0; Qw = 0.089 m
3/s; Re1=1.8×10
5; gate opening h = 52 mm; flow from right to 
left  
 
 
 
(C) Fr1 = 3.0; Qw = 0.078 m
3/s; Re1=1.6×10
5; gate opening h = 36 mm; flow from right to left 
Figure 3-8: Oscillating jump between standing wave and roller jumps; Rough water surface and 
three-dimensional flow patterns 
 
For Froude numbers Fr1 > 3, the flow patterns showed a hydraulic jump with a marked roller and 
a well-defined jump toe.  However the inflow was pre-aerated for all gate openings (Figure 3-9).  
While the appearance of the jump toe and the free-surface was similar to hydraulic jumps on 
smooth channel bed as well as rough bed configuration 1, the flow structure beneath the free-
surface showed some marked differences.  The jump appeared more aerated in the shear region 
close to the jump toe; this might be linked with the pre-aeration of the inflow.  The bed 
roughness increased the shear stress and the more violent motion of the free surface led to 
entrapment of air from above.  Further the jump roller appeared shorter and showed some 
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upward motion.  The vortex shedding appeared to be affected by the bed roughness leading to 
much less pronounced shedding.  A clear feature was the large scale vortical structures which 
developed downstream of the jump roller and were advected downstream without losing their 
momentum.  For both gate openings, a small clear water flow region was observed beneath the 
shear region expanding to a region without any air entrainment further downstream.  The 
existence of such a clear water flow region and the smaller jump length were consistent with the 
upward roller motion at the jump toe.  Overall the appearance of the hydraulic jump with roller 
was markedly different to hydraulic jumps on smooth bed.  Herein the current experiments were 
limited to a maximum upstream Froude number of Fr1 = 4.3, for the largest gate opening.  
Larger inflow conditions would result in stronger pre-aeration of the flow impacting further upon 
the hydraulic jump characteristics.  Table 3-3 summarises the key features of hydraulic jump 
flow patterns on rough bed 2. 
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(A) Fr1 = 4.3; Qw = 0.124 m
3/s; Re1=2.5×10
5; gate opening h = 52 mm; flow from right to 
left 
 
 
(B) Fr1 = 3.4; Qw = 0.084 m
3/s; Re1=1.7×10
5; gate opening h = 36 mm; flow from right to left 
 
 
 
(C) Fr1 = 3.6; Qw = 0.112 m
3/s; Re1=2.2×10
5; 
gate opening h = 52 mm, flow direction from 
foreground to background 
 
 
(D) Fr1 = 3.4; Qw = 0.084 m
3/s; 
Re1=1.7×10
5; gate opening h = 36 mm, 
flow direction from foreground to 
background 
Figure 3-9: Hydraulic jump with roller: Rough water surface and three-dimensional flow patterns 
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Table 3.3: Summary of flow patterns in hydraulic jumps on rough bed 2  
Type of jump Range Features 
Undular jump with air entrainment Fr1 < 2.3 
Air entrainment at first undular wave crest; 
Instable fluctuations of free-surface and pseudo-
periodic through and peak appearances; 
Oscillations in longitudinal and transverse directions; 
3 dimensional flows 
Hydraulic jump with standing wave 2.3 < Fr1 ≤ 3 
Unstable standing wave at jump toe; 
Air entrainment at start of jump; 
Unsteady free-surface waves and fluctuations; 
No distinct jump toe or jump toe location 
Oscillating jump between standing 
wave and hydraulic jump with roller 
Fr1  3 
Oscillations with period of more than one minute; 
Movements of jump toe in longitudinal direction; 
Inflow conditions important for formation of oscillations 
Hydraulic jump with jump toe roller Fr1 > 3.0 
Marked roller with well-defined jump toe; 
Strong turbulence, air entrainment and jump 
fluctuations; 
Strong aeration in shear region close to jump toe; 
Shorter jump roller with upward motion; 
Reduced vortex shedding; 
Development of large scale vortical structures;  
Clear water flow region beneath the shear region 
 
3.4 Conjugate Depth Relationship 
For all flow configurations, free-surface profile recordings were conducted using pointer gauge 
measurements.  The upstream conjugate depth was measured slightly upstream of the jump toe 
at x1 = 0.85 m and the subcritical conjugate depth at the downstream end of the channel (x2 = 
2.8 m).  Because the free-surface was characterised by some strong ripples resulting from the 
rough channel bed, both free-surface ripples and the air entrainment led to some inaccuracy in 
terms of the upstream flow depth measurements with the pointer gauge.  The upstream flow 
depth was also deduced from the measured void fraction profile, as the equivalent clear water 
flow depth (Equation (10)) (see Section 4 for further details).  The downstream flow depth was 
always recorded with the pointer gauge since the effect of the aeration was small and the 
surface ripples were minimal on the larger flow depth. 
 
The relationship between conjugate depth ratio and inflow Froude number is presented in Figure 
3-10 for the two rough bed configurations.  The data combine both pointer gauge data and air-
water flow data (solid symbols).  [The pointer gauge measurements were adversely affected by 
the surface ripples and the free-surface air entrainment resulting in inaccurate measurements. 
For the full range of flow conditions, the pointer gauge data for the upstream flow depth d1 were 
adjusted against the average equivalent clear water flow depth for the respective gate 
configurations.  In Figure 3-10, the average value of the upstream depth d1 was used for a 
recalculation of the conjugate depth relationship.]  Figure 3-10 shows a clear trend in terms of 
conjugate depth ratio; the present data are below the Belanger equation, valid only for smooth 
frictionless rectangular horizontal channels (Equation (7)).  Some previous experimental data of 
smooth bed hydraulic jumps were added to Figure 3-10 to highlight the differences between 
smooth and rough bed configurations.  All present data were above the dimensionless 
relationship d2/d1=Fr1, suggested by Ead and Rajaratnam (2002) for hydraulic jumps on 
corrugated channel beds.  The observed conjugate depth data were consistent with theoretical 
predictions (Equation (3)), indicating a loss of momentum through friction effects on the channel 
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bed for both rough bed configurations.  The data were in agreement overall with previous 
studies of roughness effects (e.g. Hughes and Flack 1984; Carollo et al. 2007; Afzal et al. 2011; 
Pagliara and Palermo 2015). 
 
As pointed out by Pagliara and Palermo (2015), the use of the equivalent clear water flow depth, 
i.e. upstream air-water data, should be taken into account for the most accurate prediction of 
the flow depth.  The comparison of the upstream pointer gauge data with the available upstream 
conductivity probe data confirms this point (Figure 3-11).  The equivalent clear water flow 
depths (Equation (10)) were typically lower compared to the measurement with the pointer 
gauge.  With increasing discharges and increasing air entrainment respectively, the differences 
increased.  Figure 3-11 illustrates the comparison of pointer gauge data and conductivity probe 
data.  The characteristic flow depth Y90, where C = 0.9, is added for completeness highlighting 
that the recording of the flow depth with a pointer gauge is prone to uncertainties if the free-
surface is uneven, aerated and broken-up (Figure 3-11).  In the present study, the free-surface 
upstream of the hydraulic jump was characterised by fast fluctuating ripple movements and by 
entrained air for rough bed 2.  The pointer gauge measurements were performed for several 
seconds, and the mean free-surface recording was averaged.  For all measured data, the 
uncertainties of the conjugate depth d1 recordings were within 0.5 cm accuracy. 
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Figure 3-10: Conjugate depth relationship for the rough channel bed configurations; Comparison 
of pointer gauge (PG) data with air-water flow data and Belanger equation (Equation (7)) and 
d2/d1=Fr1 (Ead and Rajaratnam 2002); Comparison with smooth bed data from previous studies 
 
Figure 3-11: Upstream conjugate depth d1; comparison between pointer gauge measurements 
and equivalent clear water flow depth (conductivity probe data) 
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Based upon momentum considerations for a rectangular horizontal channel (Equation (3)), an 
expression of the boundary friction force may be derived as a function of the ratio of conjugate 
depths and inflow Froude number: 
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Assuming that the roller length is about Lr/d1 = 6×(Fr1-1) (Wang and Chanson 2015), the 
average boundary shear stress beneath the roller equals: 
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The boundary friction force and average boundary shear stress were estimated based upon the 
observed ratios of conjugate depths and inflow Froude numbers using Equations (11) and (12) 
respectively.  Typical results are presented in Figure 3-12.  The dimensionless data showed little 
correlation with the relative roughness height (ks/d1) and Reynolds number Re.  Most data in 
Figure 3-12 correspond to pointer gauge measurements both upstream and downstream 
resulting in difficulties to accurately measure the upstream flow depth d1.  Some upstream flow 
depths were measured with the conductivity probe (see Figure 3-10) predicting the incoming 
flows more accurately.  This resulted in observation of larger friction forces (e.g. data point on 
top right of Figure 3-12A). 
 
(A) Dimensionless boundary friction force 
 
(B) Dimensionless shear stress 
Figure 3-12: Dimensionless boundary friction force and average boundary shear stress in 
hydraulic jump over rough channel bed 
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3.5 Undular Hydraulic Jump Parameters 
The longitudinal free-surface profiles were carefully recorded for several undular hydraulic jumps 
on rough bed configuration 1.  For additional flow conditions on rough bed 2, the locations of the 
first two wave crests and first trough were recorded.  All measurements were conducted with the 
pointer gauge since data were taken for non-aerated upstream flow conditions.  The pointer 
gauge measurements were affected by the free-surface ripples and unsteady fluctuations of the 
free-surface downstream of the first crest.  These fluctuations increased with increasing flow rate 
and flow roughness for the respective gate opening.  The recordings were therefore repeated 
several times and an average was taken.  As shown in Figure 3-11, the measured equivalent 
clear water flow depth with the conductivity probe in pre-aerated flows showed a similar height 
to the pointer gauge flow depths upstream of the jump in non-aerated undular hydraulic jump 
flow conditions. 
 
Figure 3-13 illustrates typical undular free-surface profiles for three gate openings for rough bed 
configuration 1.  The data are shown in dimensionless form as D/dc where D is the recorded flow 
depth with the pointer gauge and dc is the critical flow depth.  The pointer gauge measurements 
were affected by uncertainties due to the unsteady movements of the undulations and the free-
surface ripples.  The accuracies of the free-surface were within ±0.5 cm and error bars were 
added in Figure 3-13.  Upstream of the jump the flow was supercritical.  At the toe of the 
undular jump, the flow depth increased rapidly and the flow was subcritical throughout 
downstream.  The troughs and peaks are clearly visible in Figure 3-13.  All configurations 
showed an increase in flow depth in the downstream direction which was associated with the 
flow resistance of the rough bed.  Figure 3-13 contains also a data set for a hydraulic jump on a 
smooth channel bed (Chanson 2009a).  Note that the positioning of the jump toe differed from 
the rough bed experiments and the smooth bed undulation data.  Overall the comparison 
between smooth and rough bed data showed a larger wave amplitude for the smooth bed 
configuration.  It appeared that the channel roughness tended to enhance the dampening of the 
surface undulations. 
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Figure 3-13: Undular free-surface profiles for rough bed configuration 1; pointer gauge 
measurements – Comparison with smooth bed undular jump 
 
Characteristic lengths scales of undular jumps are reported in Figure 3-14, including the 
elevations of the first crest and trough, the wave length and the wave amplitude.  The data are 
presented in non-dimensional form with critical flow depth dc as functions of the upstream 
Froude number Fr1.  The wave lengths and amplitudes are compared with undular jump data on 
smooth bed (Chanson 2009a) and with a theoretical solution of the Boussinesq solution by 
Andersen (1978) (Figure 3-14). 
The dimensionless elevations of first wave crest and first wave trough respectively showed an 
increase in flow depth with increasing inflow Froude numbers (Figure 3-14a and B).  A linear 
trend was observed for the first wave crest despite some small scatter.  The data scatter was 
much larger for the first trough.  This might be linked with the difficulty in measuring the trough 
heights caused by unsteady free-surface fluctuations impacting on the accuracy of the 
experimental data.  Despite strong data scatter it appears that there was a quasi-linear 
relationship between dimensionless trough height and inflow Froude number. 
 
The dimensionless wave lengths on rough and smooth bed jumps showed decay in wave length 
with increasing Froude numbers independent of the bed roughness (Figure 3-14C).  The 
comparative analysis showed smaller wave length for the rough bed configuration 1 compared to 
both smooth and rough bed 2 data for comparable ratio of critical flow depth to channel width 
dc/B.  Interestingly the wave length for rough bed 2 compared well with the corresponding data 
on a smooth bed with similar ratio of dc/B (i.e. 0.2 < dc/B < 0.28).  This finding showed no clear 
trend in terms of roughness effects upon wave lengths and further investigations are required to 
investigate the relationship between bed roughness and wave length. 
 
A better agreement between the two rough bed configurations was observed in terms of 
dimensionless wave amplitude aw/dc (Figure 3-14D).  The data for both configurations showed 
smaller wave amplitudes compared to the smooth bed observations.  The differences decreased 
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with increasing upstream Froude number Fr1 (Figure 3-14D).  The finding is consistent with the 
observations in Figure 3-12, suggesting smaller wave amplitude for the rough bed 
configurations.  The channel bed roughness appeared to contribute to some energy dissipation 
affecting the depth of the first trough and wave amplitude. 
 
(A) Dimensionless height of first crest 
 
(B) Dimensionless height of first trough 
 
(C) Dimensionless wave length between first and second crest of undular jumps 
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(D) Dimensionless wave amplitude in undular jumps 
Figure 3-14: Characteristic dimensionless lengths of the undular free-surface profiles for rough 
bed configurations; comparison with smooth bed data (Darcy and Bazin 1865; Fawer 1937; 
Ryabenko 1990; Chanson 2009a) and theory (Andersen 1978); pointer gauge data 
 
3.6 Summary 
The effects of the channel bed's macro-roughness on the hydraulic jump properties were 
observed.  The results showed some key differences compared to hydraulics jumps on smooth 
bed: 
- Free-surface was characterised by ripples, i.e. rough free-surface for all flow 
configurations.  The ripples increased with decreasing flow depth. 
- Three-dimensional flow patterns throughout the whole test section, i.e. from 
downstream of the sluice gate to the downstream weir. 
- Pre-aerated flows occurred upstream of the jump toe for both rough bed configurations. 
The pre-aeration increased with increasing bed roughness, decreasing flow depth and 
increasing flow velocity. 
- Distinctive jump types were undular jumps with and without aeration at the first crest 
and hydraulic jumps with roller for both rough bed configurations.  For rough bed 
configuration 2, further unusual patterns included a jump with standing wave and a 
cyclic transformation between roller jump and wave jump. 
- Bed roughness appeared to reduce the jump toe fluctuations and the length of the roller. 
- The interactions between boundary layer on rough bed and vortex shedding processes 
resulted in large scale three dimensional vortical structures which were advected 
downstream of the jump. 
- Conjugate depth relationship of experimental data highlighted the effect of the flow 
resistance of the channel bed roughness. 
- Undular hydraulic jumps were observed for Froude numbers Fr1 < 3. 
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4. Inflow Conditions for Hydraulic Jumps with Rough Bed 
4.1 Presentation 
The supercritical flows upstream of the hydraulic jump toe were pre-aerated for a range of flow 
conditions.  The pre-aeration level was linked to the gate opening height, which affected the flow 
velocity, the flow depth and the turbulent boundary layer development in the region downstream 
of the sluice gate.  The upstream sluice gate induced a high-velocity supercritical flow 
immediately downstream of the gate.  The rounding of the sluice gate edge produced a uniform 
velocity distribution as shown by Chachereau and Chanson (2011b) and Wang (2014) for a 
smooth bed.  For these smooth bed experiments, the boundary layer was not fully developed 
and no free-surface aeration was observed.  In a fully developed supercritical high-velocity flow, 
free-surface aeration occurs next to the free-surface, as documented by Arreguin and Echavez 
(1986) and Chanson (1997b) on very flat slopes.  Herein the bed roughness induced a rapid 
development of the boundary layer downstream of the sluice gate leading to a pre-aeration of 
the flow.  While no detailed observations of the boundary layer growth and of the location of fully 
developed flow conditions were recorded, the flow appeared to be fully developed upstream of 
the jump toe for all experiments since the flow was pre-aerated. 
 
Detailed air-water flow experiments were conducted for a range of flow conditions upstream of 
the hydraulic jump for the two rough bed configurations.  The experiments were conducted with 
the WRL double-tip conductivity probe and comprised a range of air-water flow properties.  The 
experimental flow conditions are summarised in Table 4.1 including channel bed configuration, 
upstream gate opening h, upstream flow depth d1, upstream flow velocity V1, upstream Froude 
number Fr1, Reynolds number Re1 and water discharge Qw.  All measurements were conducted 
for x < x1 = 1 m downstream of the sluice gate.  The longitudinal positions relative to the jump 
toe for the air-water flow measurements upstream of the jump are also listed in Table 4.1.  For 
three flow conditions for rough bed 1, the air-water flow properties were recorded at several 
positions upstream of the jump toe providing information about the upstream aeration.  Note 
that the boundary layer growth was not explicitly recorded since the present assessment was 
focused upon the air-water flow properties. 
 
Table 4.1: Air-water measurements of inflow conditions with double-tip conductivity probe 
Configuration 
h 
[mm] 
Qw 
[m3/s] 
x1  
[m] 
d1 
[mm] 
V1 
[m/s] 
Fr1  
[-] 
Re1  
[-] 
(x-x1)  
[m] 
Bed roughness 1 
20 
0.045 1.0 34 2.7 4.6 9.0 ×104 -0.15 
0.065 1.0 34 3.8 6.5 1.3 ×105 -0.65, -0.35, -0.15 
36 
0.071 1.0 48 2.9 4.3 1.4 ×105 -0.15 
0.083 1.0 45 3.7 5.5 1.6 ×105 -0.65, -0.35, -0.15 
52 0.103 1.0 63 3.3 4.2 2.0 ×105 -0.65, -0.35, -0.15 
Bed roughness 2 20 0.049 1.0 35.5 2.7 4.6 9.7 ×104 -0.15 
36 0.083 1.0 54 3.1 4.2 1.7 ×105 -0.15 
52 0.106 1.0 68 3.1 3.8 2.1 ×105 -0.15 
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In this section, the inflow conditions upstream of the jump toe are presented before the air-
water flows in the hydraulic jumps are presented in more detail in the following sections.  All air-
water flow data upstream of and within the hydraulic jump are listed in Appendix E.  Some more 
advanced turbulent air-water flow properties upstream of the jump toe are discussed in 
Appendix C. 
 
4.2 Basic Air-water Flow Properties in Supercritical Flow 
A key air-water flow property is the air concentration C, i.e. the time-averaged void fraction at a 
position (x,y) within the flow.  Typical void fraction distributions upstream of the hydraulic jump 
toe are illustrated in Figure 4-1 for the rough bed configurations.  The data are presented as 
functions of dimensionless vertical elevation y/Y90 where Y90 is the characteristic elevation with C 
= 0.9.  Figure 4-1A presents data for rough bed 1 and Figure 4-1B for rough bed 2.  All 
experimental data showed the strong pre-aeration of the flow, although surface waves might 
have some impact on the void fraction profiles (Toombes and Chanson 2007). 
 
 
(A) Fr1 = 5.5; Qw = 0.083 m
3/s; Re=1.6×105; 
h = 36 mm; Bed Roughness 1 
 
(B) Bed Roughness 2; position x = 0.85 cm 
downstream of sluice gate 
Figure 4-1: Void fraction distributions upstream of hydraulic jump with bed roughness; 
comparison with advective diffusion equation (Equation 13) 
 
For rough bed configuration 1, the void fraction data were in good agreement overall showing 
similar void fraction levels at all locations downstream of the sluice gate (Figure 4-1A).  For 
rough bed configuration 2, the data for h = 20 mm showed strong aeration levels close to the 
rough channel bed (Figure 4-1B).  Apart from the rough bed 2 data for the smallest gate 
opening, the shape of the void fraction distributions was very similar to profiles observed in self-
aerated spillway flows, with an S-shape profile and low void fractions close to the channel bed 
(Straub and Anderson 1958; Cain and Wood 1981; Felder and Chanson 2013).  The present data 
compared well with a solution of the advective diffusion equation developed for air-water 
skimming flows on stepped spillways (Chanson and Toombes 2002): 
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where K' is an integration constant and Do is a function of the mean air concentration Cmean only: 
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For all rough bed data, the longitudinal distribution of mean void fraction Cmean in the 
supercritical inflow are shown in Figure 4-2.  The data suggest the strongest aeration just 
downstream of the sluice gate and a drop in mean void fraction to an equilibrium level just 
upstream of the jump toe.  It appears that the flow self-aeration started in the shear layer 
downstream of the sluice gate edge.  Further downstream, the bed roughness induced a flow 
deceleration associated with a reduction in flow aeration.  Overall, an increase in gate depth and 
depth respectively decreased the overall flow aeration, as observed visually (Section 3).  Herein, 
for the same gate opening and same bed roughness, the aeration increased with increasing 
Froude number.  A marked increase in pre-aeration was also observed with increase in channel 
bed roughness as seen by comparing data for rough bed configurations 1 and 2 (Figure 4-2). 
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Figure 4-2: Mean void fractions upstream of hydraulic jump with bed roughness 
 
The dimensionless bubble count rate distributions in the supercritical flows were analysed for the 
two rough bed configurations (Figure 4-3).  For bed roughness 1, the bubble count rate 
distributions showed a sharp increase of bubble count rates from close to zero at the channel 
bed to a distinct maximum in a flow region where C ≈ 0.5 before decreasing sharply in the flow 
region close to the free-surface (Figure 4-3A).  The shape of the distributions was consistent 
with observations on spillways (Chanson 1997b; Chanson and Toombes 2002).  With increasing 
distance downstream of the sluice gate, the bubble count rate increased indicating that no 
equilibrium bubble count rate profile was reached before the jump toe (Figure 4-3A).  The 
bubble count rate distributions for rough bed 2, showed a larger number of bubbles in the 
supercritical flow (Figure 4-3B).  The shape of the bubble count rate distribution was similar to 
the rough bed 1 with largest numbers of bubbles in the flow region where C ≈ 0.5, and a sharp 
decrease in bubble count rate in the upper part of the flow.  However, the number of air bubbles 
was comparatively larger in the bubble flow region close to the channel bed highlighting the 
strong pre-aeration of the flow.  With decreasing flow depth, the number of air bubbles increased 
in both bubbly flow region close to the channel bed and in the bulk of the flow with largest 
bubble frequency (Figure 4-3B). 
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(A) Fr1 = 4.2; Qw = 0.103 m
3/s; Re1=2.0×10
5; 
h = 52 mm; Bed Roughness 1 
 
(B) Bed Roughness 2; position x = 0.85 cm 
downstream of sluice gate 
Figure 4-3: Bubble count rate distributions upstream of hydraulic jump with bed roughness 
 
The local maximum bubble count rates are presented for all rough bed configurations in Figure 
4-4 showing a larger bubble count for the rough bed 2, which was consistent with the larger air 
entrainment with increasing roughness.  Also the maximum bubble count rate increased with 
increasing Froude number and with decreasing inflow depth and gate opening.  Interestingly, the 
trend of maximum bubble count rates indicated an increase of bubble counts with increasing 
distance downstream from the gate.  Together with the gradual decrease in Cmean downstream of 
the sluice gate, this suggested enhanced bubble break-up in the flow, i.e. a larger number of 
smaller air bubbles and water droplets respectively. 
 
Figure 4-4: Maximum bubble count rate upstream of hydraulic jump with bed roughness 
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The interfacial velocity was measured with the double-tip conductivity probe based upon a cross-
correlation technique.  For all measured data (Table 4.1), the interfacial velocity distributions in 
the supercritical flows are illustrated in Figure 4-5 in dimensionless terms as V/V90 where V90 is 
the interfacial velocity where C = 0.9.  The data are shown separately for the two rough bed 
configurations.  For bed roughness 1, all velocity distributions are shown in Figure 4-5A.  The 
data are split into the different Froude numbers and gate openings respectively and include 
various transverse positions.  Some strong scatter of experimental data was observed in 
particular in the flow region closest to the gate for all flow conditions.  Closest to the gate, the 
velocity exhibited a jet like behaviour with largest velocities closest to the channel bed indicating 
that the velocities were not fully developed in this region.  The distribution shapes were in strong 
contrast to typical velocity distributions with smallest velocities close to the bed. 
 
For several flow conditions, the flow velocities appeared fully developed furthest away from the 
sluice gate (Table 4.1, Figure 4-5A).  These dimensionless velocity distributions collapsed 
reasonably well into a single curve comparing well with a simple power law correlation: 
 
 
n
Y
y
V
V
1
9090








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where n is the exponent.  For the rough bed configuration 1, the power law function fitted the 
present data best with n = 8 on average (Figure 4-5A).  This power law exponent is similar to 
observations on stepped spillways (n ≈ 10) (e.g. Felder and Chanson 2013), and larger than on 
smooth bed. 
 
On the rough bed 2, three velocity profiles were measured in a distance of 0.85 m downstream 
of the sluice gate (Figure 4-5B).  All dimensionless velocity distributions collapsed reasonably 
well suggesting that the flow was fully developed just upstream of the hydraulic jump.  Note that 
this is consistent with the observations of fully-developed flow at the same position for rough 
bed configuration 1.  The velocity distributions differed however from rough bed 1 showing a 
much stronger incline in velocity in the region closest to the rough bed 2 (Figure 4-5B).  It 
appeared that the roughness shifted the velocity distribution upwards.  For the rough bed 2, 
interactions between the cavities within the rough bed and the overlying high-velocity flow were 
observed impacting upon the velocity distributions closets to the channel bed.  The interfacial 
velocity distributions for rough bed configuration 2 were best correlated with power law with 
exponent of n = 3.5 - 6 (Figure 4-5B).  The interfacial velocity distributions and the boundary 
layer development differed significantly between the two rough bed configurations confirming 
the differences in void fraction and bubble count rate distributions upstream of the hydraulic 
jump. 
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(A) Bed Roughness 1; all positions 
 
(B) Bed Roughness 2; position x = 0.85 m downstream of sluice gate 
Figure 4-5: Interfacial velocity distributions upstream of hydraulic jump with bed roughness; 
comparison with power law (Equation (18) 
 
The development of characteristic velocities is shown in Figure 4-6 comprising the dimensionless 
characteristic interfacial velocity V90/V1 (Figure 4-6A) and the dimensionless depth-averaged flow 
velocity Uw/V1 (Figure 4-6B).  For rough bed 1, the figures confirm the observation of velocities 
which are not fully developed just downstream of the sluice gate exhibiting larger relative flow 
velocities closest to the gate.  For rough bed configuration 2, no data were available about the 
development of the velocities downstream of the gate.  Figure 4-6 suggests much larger 
characteristic interfacial velocities V90/V1 compared to the dimensionless depth-averaged for all 
gate openings which is in agreement with the strong velocity gradient between channel bed and 
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free-stream (Figure 4-5).  For both rough bed configurations, the velocity observations showed a 
strong effect of the roughness upon the inflow conditions. 
 
 
(A) Dimensionless characteristic flow velocity 
downstream of sluice gate 
 
(B) Dimensionless depth-average flow velocity 
downstream of sluice gate 
Figure 4-6: Characteristic velocities upstream of hydraulic jump with bed roughness 
 
Several advanced air-water flow properties were analysed for the flow configurations upstream 
of the hydraulic jump including the turbulence intensity, maximum cross-correlation coefficients 
and integral turbulent time scales.  All data are presented in Appendix C.  In this section the key 
findings are discussed including presentation of the turbulence intensity distributions upstream 
of the hydraulic jump (Figure 4-7). 
 
The turbulence intensity distributions showed some small turbulence levels in the bubbly flow 
region close to the bed and in the spray region close to the free-surface, for both bed roughness 
configurations (Figure 4-7).  It must be noted that the turbulence levels close to the channel bed 
were still larger compared to turbulence intensities in mono-phase flows and in air-water flows 
on spillways with smooth bed.  The largest turbulence levels were observed in the intermediate 
flow region for void fractions of 0.25 < C < 0.65 independent of the bed roughness.  A 
comparison of the turbulence intensity distributions for different discharges and at different 
longitudinal positions, suggested that the turbulence intensities were elevated in regions with the 
largest bubble count rate.  The Tu profiles were relatively similar for comparatively similar 
bubble count rates at the same distance downstream of the sluice gate (Figure 4-6A).  Larger 
turbulence levels were found closer to the gate and the downstream development of the 
turbulence indicated that no equilibrium flow conditions were achieved (Figure 4-6B). 
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(A) Bed Roughness 1; Various flows; position 
x = 0.85 cm downstream of sluice gate 
 
(B) Bed roughness 1: Fr1 = 6.5; Qw = 
0.065 m3/s; Re1=1.3×10
5; h = 20 mm 
 
 
(C) Bed Roughness 2; position x = 0.85 cm 
downstream of sluice gate 
 
Figure 4-7: Turbulence intensity distributions upstream of hydraulic jump with bed roughness 
 
Similar results were also observed for the auto- and cross-correlation time scales exhibiting 
largest time scales in the intermediate flow region for both rough bed configurations.  Close to 
the channel bed and in the region close to the free-surface, the time scales tended to small 
values.  No differences between auto –and cross-correlation time scales were found in the upper 
spray region (C > 0.95) which has been reported on stepped spillways (Chanson and Carosi 
2007; Felder and Chanson 2009).  In contrast to observations on spillways of large numbers of 
ejected water droplets above the flow, the flows upstream of the hydraulic jump were of 
different nature acting as a coherent stream of water and to a much lesser extent air entities 
(see Section 3). 
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For both turbulence levels and auto- and cross-correlation time scales, it appeared that the 
maximum levels of respective flow property within the bulk of the flow decreased with increasing 
Froude number independent of the channel bed roughness.  Furthermore for the same Froude 
number, both turbulence levels and auto- and cross-correlation time scales increased in the 
direction downstream of the sluice gate. 
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5. Air-water Flow Properties in Hydraulic Jumps with Channel    
Bed Roughness 
5.1 Presentation 
The previous sections indicated some effect of the bed roughness on the hydraulic jump, 
including pre-aeration of the flow, more stable jump toe position, reduction in length of jump, 
effects of conjugate depth relationship and establishment of a clear water zone under the jump. 
This section details a comparative analysis of the bed roughness effects on the hydraulic jump 
properties is developed, covering three different channel bed configurations: smooth HDPE bed, 
bed roughness 1 and bed roughness 2.  The smooth configuration was used for reference as well 
as for the validation of the WRL double-tip conductivity probe against the UQ double-tip 
conductivity probe.  The comparative analysis of the conductivity probes is presented in 
Appendix B. 
 
The two rough bed configurations were used for a detailed experimental campaign of air-water 
flow properties on the channel centreline.  Measurements included distributions of void fraction, 
bubble count rate, interfacial velocity, turbulence intensity, and further advanced air-water flow 
properties.  The experimental flow conditions are summarised in Table 5.1 including upstream 
gate opening h, upstream flow depth d1, upstream flow velocity V1, upstream Froude number 
Fr1, Reynolds number Re and water discharge Qw.  All experiments were conducted with the 
hydraulic jump toe at x1 = 1 m downstream of the sluice gate.  Table 5.1 (column 9) lists also 
the longitudinal positions for the air-water flow measurements.  For some flow rates, detailed 
air-water flow measurements were also conducted upstream of the jump (see Section 4).  All 
experimental data are provided in Appendix E.  A detailed comparison of scale effects is 
undertaken in Section 6 which were in agreement with previous findings on hydraulic jumps with 
smooth bed (Chanson and Gualtieri 2008; Wang 2014). 
 
Table 5.1: Experimental flow conditions for air-water flow experiments with double-tip 
conductivity probe (WRL sensor) 
Configuration h [mm] 
Qw 
[m3/s] 
x1  
[m] 
d1 
[mm] 
V1 
[m/s] 
Fr1 
[-] 
Re1  
[-] 
(x-x1)  
[m] 
Smooth bed 36 0.054 1.0 36 3.0 5.1 1.1 ×105 0.12, 0.2, 0.35, 0.55, 0.75 
Bed roughness 
1 20 
0.045 1.0 34 2.7 4.6 9.0 ×104 -0.15, 0.11, 0.19, 0.3, 0.43, 0.57 
0.065 1.0 34 3.8 6.5 1.3 ×105 
-0.65, -0.35, -0.15, 0.15, 0.27, 
0.42, 0.65, 0.88, 1.08 
36 
0.071 1.0 48 2.9 4.3 1.4 ×105 
-0.15, 0.09, 0.15, 0.27, 0.42, 
0.61, 0.81 
0.083 1.0 45 3.7 5.5 1.6 ×105 
-0.65, -0.35, -0.15, 0.12, 0.2, 
0.35, 0.85 ,1.15 
52 0.103 1.0 63 3.3 4.2 2.0 ×105 
-0.65, -0.35, -0.15, 0.2, 0.35, 
0.55, 0.8, 1.05 
Bed roughness 
2 
36 0.083 1.0 54 3.1 4.2 1.7 ×105 -0.15, 0.12, 0.2, 0.33, 0.5, 0.72 
52 0.106 1.0 68 3.1 3.8 2.1 ×105 
-0.15, 0.15, 0.25 ,0.42, 0.63, 
0.91 
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The present data sets with the three bed configurations (Table 5.1) were compared with 
previous hydraulic jump data on smooth channel bed with similar inflow Froude numbers.  These 
smooth bed data were collected with UQ conductivity probes in a comparable experimental 
setting with same inflow conditions, same channel length and width (Chanson 2006, 2009b; 
Murzyn and Chanson 2007; Chachereau and Chanson 2010; Wang 2014; Wang et al. 2014a). 
Details about these experiments can be found in several Tables in Appendix D.  Most of the 
previous experimental data were collected with the same UQ double-tip conductivity probe which 
was used in the comparative analysis of UQ and WRL conductivity probes (see Appendix B).  As 
shown in Appendix B, the double-tip conductivity probes provided identical void fraction and 
interfacial velocity results.  Small differences in magnitude were however found for the bubble 
count rate and the microscopic air-water flow properties.  These differences were linked to the 
different sensor sizes (Appendix B). 
 
The rough bed experimental data were systematically compared including comparison between 
rough bed configuration 1 and configuration 2, as well as between rough bed configurations and 
smooth channel bed data.  The comparative analysis was conducted based upon comparable 
inflow Froude numbers.  It is acknowledged that a number of inflow Froude numbers differed 
slightly and any potential effects are discussed.  Appendix D presents several tables with details 
about the experimental configurations used for the comparative analysis in this section 
 
The comparative analysis of the rough bed configurations with smooth bed data incorporated the 
basic air-water flow properties void fraction, bubble count rate and interfacial velocity as well as 
the characteristic parameters of these properties in a cross-section.  Further data were 
compared at the end of this section including the characteristic flow depths.  While there are 
further relevant air-water flow properties in hydraulic jumps (Section 6), the present comparison 
is limited to the basic air-water flow properties to establish the key characteristics of channel bed 
roughness useful for design engineers and practical considerations. 
 
5.2 Void Fraction Distributions in Hydraulic Jumps with Rough Bed 
5.2.1 Presentation 
The void fraction distributions presented a number of common features independent of the 
channel bed roughness.  Typical distributions of void fraction C are illustrated in Figure 5-1 for 
the two rough bed configurations.  The data are presented as functions of the dimensionless 
elevation above channel bed y/d1.  The void fraction data showed a local peak in void fraction 
Cmax in the turbulent shear region and a marked drop in void fraction C* at the boundary 
between the turbulent shear region and recirculation region (Figure 5-1).  The trend was 
observed for all bed configurations.  The turbulent shear region expanded with increasing 
distance from the jump toe and the boundary between shear and recirculation regions shifted 
upwards.  At the downstream end of the jump, no recirculation region was observed.  Hydraulic 
jumps with both rough bed configurations exhibited void fraction distributions similar to those in 
hydraulic jumps on smooth beds. 
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(A) Bed Roughness 1: Fr1 = 6.5; Qw = 0.065 m
3/s; Re1=1.3×10
5; h = 20 mm 
 
(B) Bed Roughness 2: Fr1 = 3.8; Qw = 0.106 m
3/s; Re1=2.1×10
5; h = 52 mm 
Figure 5-1: Typical void fraction distributions in hydraulic jumps on rough channel bed; 
comparison of experimental data with advective diffusion equations (Equation (18) and 
(19)) 
 
In the shear region, the present data were compared favourably to a theoretical solution of the 
advective diffusion equation (Chanson 1997a): 
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where: 
y is the elevation above channel bed 
Cmax is the local maximum in void fraction 
yCmax is the elevation with C = Cmax 
D# is a dimensionless diffusivity: D# = Dt/(V1×d1) 
 
Equation (18) is valid in the turbulent shear region for y < y*.  In the upper flow region (y > 
y*), the void fraction data followed a Gaussian error function (Brattberg et al. 1998, Murzyn et 
al. 2005): 
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where: 
Y50 is the vertical elevation with C=0.5 
D* is a dimensionless diffusivity in the upper free-surface region and the Gaussian error 
function is defined as: 
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                     (20) 
 
The present experimental data were compared to Equations (18) and (19), showing some good 
agreement between experimental observations and theory.  Small differences were however 
observed, including deviations of experimental data from Equation (19) in the free-surface 
region, and small differences at the transition between shear and recirculation regions.  The 
rough bed hydraulic jump data suggested a lesser aeration of the upper free-surface region.  The 
same observations were recorded for all rough bed configurations in the present study and 
further details are discussed in the comparative analysis. 
 
5.2.2 Comparative analyses of void fraction distributions 
A comparative analysis of void fraction distributions was conducted for comparable inflow Froude 
numbers for the two rough bed and the smooth bed configurations.  Figure 5-2 illustrates typical 
void fraction distributions as functions of the dimensionless elevation above channel bed y/d1.  
The data highlighted a few key differences between the two rough bed configurations and 
smooth bed jump data.  (Note that the comparison was not always conducted at exactly the 
same dimensionless position downstream of the jump toe and these differences were taken into 
account.)  All void fraction distributions had similar shapes independently of the bed roughness.  
In the turbulent shear region, a local maximum void fraction Cmax was observed, while a local 
minimum C* was found at the boundary between the shear region and the recirculation region.  
Close to the channel bed, the void fraction tended to zero.  In the free-surface region the void 
fraction increased sharply with increasing elevation towards unity (Figure 5-2).  A comparison 
between the two rough bed configurations showed overall similar void fraction distributions 
(Figure 5-2A).  The overall local maximum Cmax and minimum C* were fairly similar and small 
differences could be explained by the measurement location which was closer to the jump toe for 
the rough bed configuration 1. 
 
  
WRL Research Report 259   FINAL   June 2016 50 
Although the shape of void fraction distributions was similar, a number of differences were 
observed towards the downstream end of the jump.  For the hydraulic jump with rough bed 1, 
some distinctive shear region was observed for the measurement positions at the downstream 
end (x-x1/d1 = 8.8), while the shear region was reduced for rough bed configuration 2 (x-x1/d1 = 
9.3) (Figure 5-2A).  The void fraction distributions for bed roughness 1 were consistently lower 
than those on rough bed configuration 2.  This might be explained with the strong upward 
motion of the hydraulic jumps with channel bed roughness 2, observed visually (Section 3).  
With increasing distance in the downstream direction, the differences increased.  Note that the 
differences in the recirculation region were very small at the last measurement position (Figure 
5-2A). 
 
A comparison between rough bed configuration 1 and smooth jump data showed a similar trend 
with very similar void fraction distributions and similar local maximum void fractions.  Typical 
void fraction distributions are shown in Figure 5-2B.  The distributions of void fraction were 
almost identical just downstream of the jump toe (x-x1/d1 ≤ 5.6), although the minimum void 
fraction value C* tended to be larger for the rough bed configuration 1.  The differences 
decreased further downstream.  The strongest difference was observed in terms of shape within 
the turbulent shear region at the downstream end of the hydraulic jump.  In the smooth bed 
hydraulic jump, a clearly distinct shear layer region was observed (x-x1/d1 = 15.3).  No clear 
shear layer region was observed for the void fraction distributions in the rough bed 1 hydraulic 
jump (x-x1/d1 = 16.8) (Figure 5-2B).  Small differences were also observed in the recirculation 
region.  This was most obvious in the middle of the roller (x-x1/d1 = 8.8 & 9.7 respectively) and 
the differences were small at the upstream and downstream ends of the jump (Figure 5-2B). 
 
Another comparative analysis between rough bed 2 and smooth bed data indicated a similar 
trend with similar void fraction distributions, similar maximum void fractions Cmax, but larger 
minimum void fraction C* on the rough bed configuration 2 data with an upward shift of the 
turbulent shear region (Figure 5-2C).  Strong differences in the recirculation region were 
observed in the centre of the hydraulic jump in terms of elevation of void fraction distributions 
(x-x1/d1 = 8.4 & 9.3 respectively).  
 
Overall, a comparative analysis of void fraction distributions between rough and smooth channel 
beds suggested: 
 
- Similar maximum void fraction distributions within the shear layer region Cmax; 
- Larger local minimum void fraction values C* at the boundary between turbulent shear 
region and recirculation region for the rough bed configurations; 
- Upward shift of the turbulent shear region with increasing channel bed roughness; this 
indicates a decrease in hydraulic jump roller lengths with increasing roughness; 
- Overall similar void fraction distributions in particular in the first half of the hydraulic 
jump (x-x1/d1 ≤ 5.6); 
- Differences in the recirculation region in the middle of the roller with elevated levels of 
void fraction for the rough channel bed suggesting a lesser aeration of the free-surface 
region. 
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(A) Rough bed 1: Fr1 = 4.3, Re1 = 1.4×10
5, h = 36 mm; Rough bed 2: Fr1 = 4.2, Re1 = 
1.7×105, h = 36 mm 
 
(B) Rough bed 1: Fr1 = 4.6, Re1 = 9.0×10
4, h = 20 mm; Smooth bed: Fr1 = 5.1, Re1 = 1.1×10
5, 
h = 36 mm 
 
(C) Rough bed 2: Fr1 = 3.8, Re1 = 2.1×10
5, h = 52 mm; Smooth bed (Wang 2014): Fr1 = 3.8, 
Re1 = 1.6×10
5, h = 30 mm 
Figure 5-2: Void fraction distributions in hydraulic jumps with different bed roughness 
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5.2.3 Comparison of characteristic void fraction parameters 
Several characteristic parameters of void fraction distributions were estimated.  Figures 5-3 
 to 5-7 illustrate these for all experimental runs in the present study, comprising the 
experiments with the WRL conductivity probe on the rough bed configurations as well as the 
experiments with both conductivity probes (UQ and WRL) for the smooth bed.  The present data 
were compared with previous experimental data of smooth bed hydraulic jumps.  Details about 
the previous studies are provided in Appendix D, within the range of Froude numbers 
corresponding to the present study: i.e., 3.8 ≤ Fr1 ≤ 5.1. 
 
The depth-averaged void fraction in a cross-section Cmean is shown in Figure 5-3 for all channel 
bed configurations, as a function of the dimensionless distance from the jump toe (x-x1)/d1; the 
coloured symbols are the present data.  The present smooth bed data compared well with 
previous data with same Froude number Fr1 = 5.1 and with the empirical correlation of Wang 
(2014) (1).  There was little difference between all the data.  Independent of the channel bed 
roughness, the mean void faction decreased with increasing distance from the jump toe and the 
trend was comparable for all experiments (Figure 5-3).  The mean void fraction Cmean data for 
the rough bed configuration 2 compared well with smooth bed data with similar Froude number.  
However, the empirical equation of Wang (2014) overestimated the depth averaged void 
fraction.  A good agreement was observed between void fraction data and empirical correlation 
for rough bed configuration 1 for the experiments with the largest inflow Froude numbers. 
 
 
Figure 5-3: Mean void fraction in the hydraulic jumps with channel bed roughness; comparison 
with smooth channel bed data from previous studies (Chanson 2009b; Chachereau and Chanson 
2010; Wang 2014) and empirical correlation by Wang (2014) – Coloured symbols present data 
 
 
                                                 
1 Based upon experiments performed for 3.8 < Fr1 < 10 and 3.4×10
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5, Wang (2014) proposed the 
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The local maximum void fractions Cmax in a given cross-section are presented in Figure 5-4, 
showing comparable results for a given Froude number.  While the smooth bed data (present 
study) were at the upper end compared to the data of previous studies, they were within the 
overall data range up to the downstream end of the hydraulic jump.  A marked difference was 
observed between the rough bed and smooth bed data for a comparable Froude number.  The 
rough bed led to larger maximum void fractions at all locations within the hydraulic jump.  The 
differences appeared to increase with increasing Froude number.  Figure 5-4 compares also the 
data with the empirical correlation from Wang (2014).  The largest differences between rough 
and smooth bed data were observed close to the jump toe.  For some rough bed data the flow 
was pre-aerated and this may have contributed to the local increased aeration. 
 
 
Figure 5-4: Maximum void fraction in a cross-section in the hydraulic jumps with channel bed 
roughness; comparison with smooth channel bed data from previous studies (Chanson 2006, 
2009b; Murzyn and Chanson 2007; Chachereau and Chanson 2010; Wang 2014; Wang et al. 
2014b) and empirical correlation by Wang (2014)– coloured symbols present data 
 
Large differences between rough and smooth bed hydraulic jumps were found in terms of the 
local void fraction C* at the boundary between turbulent shear and recirculation regions.  First 
there was a good agreement of the present smooth bed data and previous experimental studies.  
Second the rough channel bed data yielded larger local void fractions C* for comparable Froude 
numbers at all hydraulic jump cross-sections (Figure 5-5).  The differences were the largest 
immediately downstream of the jump toe, for rough bed configuration 1.  The observations were 
consistent with the void fraction distribution data (Figure 5-2). 
 
The differences in terms of local maximum and local minimum void fractions, Cmax and C* 
respectively, between smooth and rough bed hydraulic jumps were significant and highlighted 
different physical processes within the jump.  The channel bed roughness appeared to increase 
the air entrainment at the jump toe and within the turbulent shear region.  The overall mean 
void fraction in a cross-section was similar for the different channel bed configurations indicating 
that differences in void fraction distributions in the upper part of the flow were also significant.  
As seen in Figure 5-2, there was a difference in elevations within the upper part of the flow 
where distributions of rough bed jumps were higher than above smooth bed jumps.  Figure 5-6 
highlights these differences.  In particular the location for maximum void faction yCmax and for 
the position of minimum void fraction at boundary of shear and recirculation regions yC* showed 
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an increase in characteristic depths with increasing channel bed roughness (Figure 5-6).  On 
average the larger maximum and minimum void fractions for large channel bed roughness were 
balanced by the comparatively smaller void fraction contributions in the upper part of the flow. 
 
 
Figure 5-5: Local minimum void fraction at boundary of shear and recirculation regions in the 
hydraulic jumps with channel bed roughness; comparison with smooth channel bed data from 
previous studies (Chanson 2009b; Chachereau and Chanson 2010; Wang 2014) – coloured 
symbols present data 
 
 
Figure 5-6: Dimensionless characteristic elevations in the hydraulic jumps with channel bed 
roughness - present data 
 
The present data on rough and smooth channel bed compared reasonably well with a solution of 
the advective diffusion equation (Equation (18) and (19); Figure 5-1).  For all data, the 
dimensionless diffusivity in the shear region D# and the dimensionless diffusivity in the 
recirculation region D* were deduced from the best data fit.  The data are illustrated in Figures 
5-7 and 5-8 respectively.  Despite some scatter, the diffusivity data for the rough channel bed 
configurations matched the comparable smooth bed jumps relatively well.  Figures 5-7 and 5-8 
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did not exhibit a clear trend and any effects of bed roughness on the diffusivity indexes could not 
be identified. 
 
 
Figure 5-7: Dimensionless diffusivity in turbulent shear region in the hydraulic jumps with 
channel bed roughness; comparison with smooth channel bed data from previous studies 
(Chanson 2009b; Chachereau and Chanson 2010; Wang 2014) – coloured symbols present data 
 
 
Figure 5-8: Dimensionless diffusivity in recirculation region in the hydraulic jumps with channel 
bed roughness; comparison with smooth channel bed data from previous studies (Chachereau 
and Chanson 2010; Wang 2014) - coloured symbols present data 
 
5.3 Bubble Count Rate Distributions in Hydraulic Jumps with Rough Bed 
5.3.1 Presentation 
Another key parameter is the bubble count rate F, that is the number of bubbles detected by the 
probe sensor per second.  Typical distributions for rough bed hydraulic jumps are illustrated in 
Figure 5-9.  Figure 5-9 includes data recorded both upstream of the hydraulic jump and in the 
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hydraulic jump roller.  In the jump roller, the bubble count rate distributions showed some 
typical characteristics including a local maximum bubble count rate Fmax in the turbulent shear 
layer region and a secondary peak Fsec in the recirculation region.  In the hydraulic jump on 
rough bed configuration 2, this secondary peak was only observed in the first half of the roller 
((x-x1)/d1 ≤ 6.1), where a strong roller motion was found (Figure 5-9B).  For the rough bed 
configuration 1, the secondary peak was observed throughout the entire jump roller (Figure 5-
9A).  The comparison between upstream of the jump toe and within the jump roller showed 
much smaller bubble count rates upstream of the jump for rough bed configuration 1, while the 
bubble count rate for the rough bed configuration 2 was similar in magnitude compared to the 
bubble frequency in the roller.  For rough bed configuration 2, the finding highlighted the strong 
pre-aeration of the flow.  For rough bed configuration 1, the flow was less pre-aerated and a 
significant amount of air was entrained at the jump toe roller. 
 
 
(A) Bubble count rate distributions: Fr1 = 4.2; 
Qw = 0.103 m
3/s; Re1=2.0×10
5; h = 52 mm; 
Rough bed configuration 1 
 
 
(B) Bubble count rate distributions: Fr1 = 4.2; 
Qw = 0.083 m
3/s; Re1=1.7×10
5; h = 36 mm; 
Rough bed configuration 2 
Figure 5-9: Bubble count rate distributions in and upstream of hydraulic jumps with channel bed 
roughness 
 
5.3.2 Comparative analysis of bubble count rate distributions 
The analyses of the bubble count rate distributions revealed distinct effects of channel bed 
roughness on the bubble count rates.  Comparative data are illustrated in Figure 5-10: between 
the two rough bed configurations (Figure 5-10A), between bed roughness configuration 1 and 
smooth bed jump (Figure 5-10B) and between bed roughness configuration 2 and smooth bed 
jump (Figure 5-10C).  The comparison is presented for similar inflow Froude numbers.  The 
bubble count rate is affected by significant scale effects and the number of entrained air bubbles 
cannot be scaled based solely upon a Froude similitude.  Only data sets with both similar 
Reynolds and Froude numbers were selected (Figure 5-10). It is acknowledged that the present 
analysis did not achieve exact similitude in terms of both Froude and Reynolds numbers, but that 
the comparison provided valuable information.  The present data were recorded with the WRL 
double-tip conductivity probe, able to detect a larger number of smaller air bubbles than the UQ 
sensor with a larger tip size (Appendix B).  While the number of detected bubbles was about 
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15% higher for the smallest sensor size (WRL sensor), the differences still allowed a comparison 
of the effects of roughness on the bubble count rate. 
 
(A) Bed roughness configuration 1: Fr1 = 4.2, Re1 = 2.0×10
5, h = 52 mm; Roughness 2: Fr1 = 
4.2, Re1 = 1.7×10
5, h = 36 mm 
 
(B) Bed roughness configuration 1: Fr1 = 4.6, Re1 = 9.0×10
4, h = 20 mm; Smooth bed (Wang 
2014): Fr1 = 5.1, Re1 = 9.0×10
4, h = 30 mm 
 
(C) Bed roughness configuration 2: Fr1 = 4.2, Re1 = 1.7×10
5, h = 36 mm; Smooth bed (Wang 
2014): Fr1 = 3.8, Re1 = 1.6×10
5, h = 30 mm 
Figure 5-10: Bubble count rate distribution in hydraulic jumps with different bed roughness 
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A comparison between rough bed configurations 1 and 2 showed some clear differences in both 
magnitude and shape of the bubble count rate distributions (Figure 5-10A).  For rough bed 
configuration 2, the bubble count rates in the turbulent shear region were slightly larger close to 
the jump toe.  The shear layer region shifted upwards which was consistent with the observation 
of an upward directed roller (Section 3).  The roller pattern was different for rough bed 
configuration 1, showing a smaller incline in shear layer elevation.  The upwards directed roller 
pattern on rough bed configuration 2 led to a reduction in the recirculation zone and the bubble 
count rate distribution did not exhibit a secondary peak Fsec in the downstream half of the jump.  
Further a significant upwards shift in the location of the peak in bubble count rate Fmax was 
observed in the shear layer with a doubling of the peak location for (x-x1)/d1 > 8.  The data 
indicated an overall reduction in hydraulic jump length with increasing bed roughness. 
 
The comparison between smooth and rough bed configuration 1 showed a similar shape of 
bubble count rate distributions with distinctive maxima in the shear layer and secondary peaks in 
the recirculation region (Figure 5-10B).  While the bubble count rates were higher on the rough 
channel bed at the start of the roller, the bubble count rates were larger on the smooth bed 
jump further downstream.  The effect of sensor sizes could not be assessed in detail, but the 
observation indicated that the bubble count rates for the smooth jumps were consistently larger 
at the downstream part of the hydraulic jump.  A comparison between rough bed configuration 2 
and smooth bed highlighted a significantly larger bubble count rate at the beginning of the jump 
roller and a sharp decline in bubble counts further downstream (Figure 5-10C).  Further features 
were consistent with the observations in Figures 5-9A and B, including the upwards shift of the 
roller for the rough bed configuration 2. 
 
5.3.3 Comparison of characteristic bubble count rate parameters 
A comparison in terms of maximum bubble count rate, void fraction at that location and 
secondary maximum bubble count rate is shown in Figure 5-11 – 5-13 between three bed 
roughness configurations for comparable Froude numbers.  The data indicated significantly larger 
maximum bubble count rates Fmax at the start of the roller for both rough bed configurations: 
i.e., within the experimental conditions, the maximum bubble count rate increased with 
increasing bed roughness.  Further downstream, the trend vanished with comparable maximum 
bubble frequencies for all channel bed configurations. 
 
Figure 5-12 compares the local maximum bubble count rate Fsec in the recirculation region for 
the different bed configurations.  The observations showed similar features compared to those of 
maximum bubble count rate Fmax (Figure 5-11).  In the region close to the start of the roller, 
both rough bed configurations showed larger bubble frequencies than on a smooth bed for 
similar inflow conditions.  The differences between rough and smooth bed decreased with 
increasing distance in the downstream direction.  The secondary peak in bubble frequency was 
the largest for rough bed configuration 2; no data were however observed towards the 
downstream end of the hydraulic jump because of the thin recirculation region for rough bed 
configuration 2 (Figure 5-10).  For the rough bed configuration 2, the largest bubble frequencies 
were observed close to the jump toe (Figure 5-12). 
 
  
WRL Research Report 259   FINAL   June 2016 59 
 
Figure 5-11: Maximum bubble count rate in a cross-section in the hydraulic jumps with channel 
bed roughness; comparison with smooth channel bed data from previous studies (Chanson 2006, 
2009b; Murzyn and Chanson 2007; Chachereau and Chanson 2010; Wang 2014; Wang et al. 
2014b) – coloured symbols present data 
 
 
Figure 5-12: Local maximum bubble count rate in the recirculation region in the hydraulic jumps 
with channel bed roughness; comparison with smooth channel bed data from previous studies 
(Chanson 2009b; Chachereau and Chanson 2010; Wang 2014) – coloured symbols present data 
 
A comparison of the local void fraction corresponding to the maximum bubble count rate in the 
shear region CFmax was performed (Figure 5-13).  Most data collapsed well despite some scatter.  
The void fraction at the position of maximum bubble count rate appeared to be unaffected by the 
significant differences in magnitude of bubble count rates (Figure 5-11 and 5-12).  This feature 
was most apparent for the hydraulic jump on rough bed configuration 2, showing very similar 
values of void fractions CFmax compared to smooth bed jumps despite the observed differences in 
magnitude of Fmax and the different shape of the bubble count rate distributions at the 
downstream end of the jump. 
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Figure 5-13: Void fraction at location with maximum bubble count rate in the recirculation region 
in the hydraulic jumps with channel bed roughness; comparison with smooth channel bed data 
from previous study (Chachereau and Chanson 2010) – coloured symbols present data 
 
Overall the comparison of rough and smooth bed configurations highlighted a significant impact 
of channel bed roughness on the bubble count rate.  An increase of channel bed roughness led to 
an increase in bubble count rate close to the jump toe.  The difference diminished towards the 
downstream end of the hydraulic jump roller.  The present observation on rough and smooth 
beds suggested that the bubble break-up processes were affected by the interactions between 
turbulent shear within the roller and the underlying boundary layer.  The rough surface 
increased the momentum exchange between the boundary layer and the overlying shear layer 
region, in particular in the first part of the jump.  Further downstream the bed roughness 
contributed to the breaking up of bubbles into smaller bubbles.  The bed roughness triggered the 
formation of large scale eddies which were transported downstream entrapping the air bubbles.  
These eddies were observed for both rough bed configurations and were a distinct feature of 
hydraulic jumps on rough bed. 
 
5.4 Interfacial Velocity Distributions in Hydraulic Jumps with Rough Bed 
5.4.1 Introduction 
Cross-correlation analyses between the two simultaneously sampled signals of the conductivity 
probe provided the time-averaged travel time of interfaces between the two sensor tips and the 
interfacial time-averaged velocity.  Typical distributions of dimensionless interfacial velocity V/V1 
are shown in Figure 5-14 for the two rough bed configurations.  In Figure 5-14A, data are 
presented both upstream of the roller toe and in the hydraulic jump roller.  The characteristic 
dimensionless flow depth Y90/d1 data are also shown in Figure 5-14.  Immediately downstream of 
the sluice gate, a boundary layer developed.  When the outer edge of the boundary layer 
reached the free-surface vicinity, the air entrainment process started once the turbulent velocity 
fluctuations were large enough to overcome surface tension and buoyancy forces (Section 4).  
For bed roughness configuration 1, the interfacial velocity data upstream of the roller toe showed 
that the flow was fully developed (Figure 5-14A).  Despite missing detailed data it is assumed 
that the flow was also fully developed for bed roughness 2 (Figure 5-14B).  Downstream of the 
jump toe, the velocity data showed three flow regions: i.e., from the invert to the upper free-
surface, turbulent boundary layer close to the bed, a turbulent shear layer region and a 
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recirculation region with negative flow velocities.  The observations were consistent with 
previous findings on smooth bed hydraulic jumps (Chanson 2007; Murzyn et al. 2007; Wang and 
Chanson 2015). In the present study, the negative recirculation velocities were recorded with 
the forward facing conductivity probe and the exact values must be taken with caution (see 
discussion in Wang 2014). 
 
For bed roughness configuration 2, the velocity data showed a shorter recirculation region 
(Figure 5-14B).  While the recirculation region was observed for (x-x1)/d1 ≤ 18.9 on rough bed 
1, the recirculation region was about half the length for bed roughness configuration 2 ((x-x1)/d1 
< 9.3).  In the second half of the hydraulic jump roller, the velocities were positive showing an 
almost uniform profile for both rough bed configurations ((x-x1)/d1 ≥ 25.7 for rough bed 1 and 
(x-x1)/d1 ≥ 9.3 for rough bed 2). 
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(A) Bed Roughness 1: Fr1 = 6.5; Qw = 0.065 m
3/s; Re1=1.3×10
5; h = 20 mm 
 
 
(B) Bed Roughness 2: Fr1 = 4.2; Qw = 0.083 m
3/s; Re1=1.7×10
5; h = 36 mm 
Figure 5-14: Dimensionless interfacial velocity distributions upstream and in hydraulic jumps on 
rough channel bed; dashed vertical lines illustrate y-axis for the respective velocity data; 
comparison with characteristic flow depth Y90/d1 
 
5.4.2 Comparative analyses of interfacial velocity distributions 
The comparative analysis of interfacial velocity distributions between rough and smooth bed 
configurations is presented for similar inflow Froude numbers (Figure 5-15). 
 
The comparison showed a number of differences between the different rough bed configurations 
(Figure 5-15A).  The overall velocity distribution was similar for all bed roughness configurations 
showing a boundary layer close to the channel bed.  At the start of the jump roller, the 
interfacial velocities on the rough bed configuration 2 were of similar magnitude compared to 
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velocities on rough bed configuration 1, but slightly shifted upwards linked with an increase in 
roughness. 
 
In the recirculation region, negative velocities were observed for both rough bed configurations 
at the start of the jump, with smaller recirculation velocities for bed roughness configuration 2 
(Figure 5-15A).  At positions further downstream, the velocity profiles differed substantially 
between the two rough bed configurations.  On the rough bed configuration 2, the data showed 
a more uniform distribution of the velocities including in the recirculation region as well as a 
sharp increase in velocities in the boundary layer close to the channel bed.  In contrast, on the 
bed roughness configuration 1, the data indicated a sharp change from positive to negative 
velocities in the shear layer (Figure 5-15A).  At the downstream end of the roller, the velocity 
profiles tended to exhibit a uniform profile for all bed configurations.  Apart from the flows close 
to the jump toe, the interfacial velocities were larger for rough bed 1. 
 
A reasonable agreement was observed in terms of the interfacial velocity distributions between 
the bed roughness configuration 1 and smooth bed jumps (Figure 5-15B).  While the interfacial 
velocities were slightly larger in the shear region on the rough bed, the overall shapes showed 
little difference.  The velocity profiles exhibited a self-similar shape (Chanson 2010; Chachereau 
and Chanson 2011): 
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where Vmax is the maximum velocity in the shear layer observed at y = YVmax and Vrec is the 
recirculation velocity. 
 
Marked differences were observed between bed roughness configuration 2 and smooth bed data 
(Figure 5-15C).  While the interfacial velocities were similar close to the jump toe, the interfacial 
velocities for rough bed 2 were shifted upwards which is consistent with the observations of an 
upwards directed roller (Section 3).  For rough bed configuration 2, the interfacial velocities were 
smaller towards the downstream end of the jump compared to the hydraulic jump on smooth 
bed. 
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(A) Roughness 1: Fr1 = 4.3, Re1 = 1.4×10
5, h = 36 mm; Roughness 2: Fr1 = 4.2, Re1 = 
1.7×105, h = 36 mm 
 
 
(B) Roughness 1: Fr1 = 4.6, Re1 = 9.0×10
4, h = 20 mm; Smooth bed (Chachereau and 
Chanson 2010): Fr1 = 4.4, Re1 = 1.1×10
5, h = 36 mm 
 
 
(C) Roughness 2: Fr1 = 3.8, Re1 = 2.1×10
5, h = 52 mm; Smooth bed (Wang 2014): Fr1 = 3.8, 
Re1 = 1.6×10
5, h = 30 mm 
Figure 5-15: Comparison of interfacial velocity in hydraulic jumps with different bed roughness 
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5.3.3 Comparison of characteristic interfacial velocity parameters 
A comparison of characteristic interfacial velocities, Vmax and Vrec, is presented in Figures 5-16 
and 5-17.  The maximum interfacial velocity data exhibited little differences for the rough and 
smooth bed jumps (Figure 5-16).  For the largest bed roughness the maximum interfacial 
velocities decreased more strongly compared to the rough bed configuration 1 and the smooth 
bed. 
 
The recirculation velocity data showed strong scatter for all channel configurations independent 
of bed roughness (Figure 5-17).  No clear effects of the bed roughness upon the characteristic 
recirculating velocity were observed.  It is conceivable that the negative recirculation velocities 
were not recorded accurately with the forward facing conductivity probe (see discussion in Wang 
2014). 
 
 
Figure 5-16: Maximum interfacial velocity in shear region in the hydraulic jumps with channel bed 
roughness; comparison with smooth channel bed data from previous studies (Chanson 2006, 
2009b; Murzyn and Chanson 2007; Chachereau and Chanson 2010; Wang 2014) – coloured 
symbols present data 
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Figure 5-17: Interfacial velocity in recirculation region in the hydraulic jumps with channel bed 
roughness; comparison with smooth channel bed data from previous studies (Chachereau and 
Chanson 2010; Wang 2014) – coloured symbols present data 
 
5.5 Comparative Analysis of Characteristic Flow Depths 
The present data set allowed for a comparison of characteristic air-water flow depths in the 
hydraulic jumps with smooth and rough beds.  Overall the comparative results suggested a close 
agreement of most characteristic flow depths independently of bed roughness, except from a few 
characteristic features. 
 
A close agreement was observed between rough bed configuration 1 and smooth bed data in 
terms of the dimensionless elevation of maximum void fraction in the shear region yCmax (Figure 
5-18).  Despite some scatter, all data followed a linear trend between dimensionless distance 
from the jump toe and characteristic elevation yCmax/d1.  Some small deviation of the flow depth 
were however observed for the bed roughness configuration 2 which was consistent with the 
reported upwards shift of the jump roller.  Overall the data were relatively well correlated by an 
empirical correlation for smooth bed data by Chanson and Brattberg (2000): 
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For the characteristic flow depth with maximum bubble count rate yFmax, a close agreement was 
found between smooth bed and rough bed configuration 1 data (Figure 5-19).  The data for the 
rough bed configuration 2 were shifted upwards and did not match the overall agreement of data 
for smooth bed and rough bed configuration 1.  Overall the relationship between dimensionless 
location in hydraulic jumps and dimensionless elevation of maximum bubble frequency showed a 
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Figure 5-18: Characteristic air-water flow depth at location with maximum void fraction in the 
shear region in the hydraulic jumps with channel bed roughness; comparison with smooth 
channel bed data from previous studies (Chanson 2006, 2009b; Murzyn and Chanson 2007; 
Chachereau and Chanson 2010; Wang 2014; Wang et al. 2014b) and empirical correlation by 
Chanson and Brattberg (2000) – coloured symbols present data 
 
 
Figure 5-19: Flow depth at location with maximum bubble count rate in a cross-section in the 
hydraulic jumps with channel bed roughness; comparison with smooth channel bed data from 
previous studies (Chanson 2006, 2009b; Murzyn and Chanson 2007; Chachereau and Chanson 
2010; Wang 2014; Wang et al. 2014b) empirical correlation by Chanson and Brattberg (2000) – 
coloured symbols present data 
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Other flow depth parameters were also compared comprising the flow depth at the location of 
minimum void fraction at boundary of shear and recirculation regions yC* (Figure 5-20), the flow 
depth Y50, i.e. the flow depth where C = 0.5 (Figure 5-21), the characteristic flow depth Y90 
(Figure 5-22) and the equivalent clear water flow depth d (Figure 5-23).  For all these 
characteristic flow depths, little differences between the hydraulic jumps on smooth and rough 
beds were observed despite some small data scatter.  For all configurations, a linear relationship 
was observed between the dimensionless distance from the jump toe and the respective 
dimensionless characteristic flow depths. 
 
 
Figure 5-20: Characteristic flow depth at local minimum void fraction C* at boundary of shear and 
recirculation regions in the hydraulic jumps with channel bed roughness; comparison with 
smooth channel bed data from previous studies (Chanson 2006; Chachereau and Chanson 2010; 
Wang 2014) – coloured symbols present data 
 
 
Figure 5-21: Characteristic flow depth Y50 in the hydraulic jumps with channel bed roughness; 
comparison with smooth channel bed data from previous study (Wang 2014) – coloured symbols 
present data 
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Figure 5-22: Characteristic flow depth Y90 in the hydraulic jumps with channel bed roughness; 
comparison with smooth channel bed data from previous study (Chanson 2009b; Chachereau and 
Chanson 2010; Wang 2014) – coloured symbols present data 
 
 
Figure 5-23: Equivalent clear water flow depth in the hydraulic jumps with channel bed 
roughness; comparison with smooth channel bed data from previous study (Chanson 2009b; 
Chachereau and Chanson 2010; Wang 2014) – coloured symbols present data; Note the data 
upstream of the hydraulic jump 
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5.6 Summary 
A comprehensive comparative analysis of hydraulic jumps on rough and smooth beds was 
conducted based upon similar inflow Froude numbers.  The comparison showed the following 
features: 
 
- Overall similar distributions of air-water flow properties were observed in hydraulic 
jumps on rough and smooth bed configurations with typical shear layer region close to 
the channel bed and recirculation region in the upper part of the hydraulic jump. 
- Differences were observed in both recirculation region and shear layer region for 
hydraulic jumps with the three rough bed configurations.  With increasing roughness, the 
differences increased significantly. 
- With increasing channel bed roughness, the hydraulic jump was shifted upwards 
including the boundary between turbulent shear region and recirculation region, the 
secondary peak in the recirculation region and the interfacial velocity distributions in the 
shear layer region. 
- At the jump toe, an increase in channel bed roughness lead to an increase in bubble 
count rate including the maximum bubble count rate in the shear layer and larger 
maximum void fractions within a cross-section.  The roughness lead also to larger local 
minimum void fraction values between shear layer and recirculation regions.  Further 
downstream maximum bubble count rate and void fraction in a cross-section were 
similar for rough and smooth bed hydraulic jumps.  For rough bed configuration 2, a 
secondary peak in bubble count rate within the recirculation region was only observed in 
the first half of the hydraulic jump. 
- Strong differences between rough and smooth bed configurations in the second half of 
the hydraulic jump included elevated levels of void fraction in the recirculation region in 
the middle of the roller for the rough channel bed, suggesting a lesser aeration of the 
free-surface region.  Further, the interfacial velocity distributions showed more uniform 
profiles with increasing channel bed roughness. 
- Some characteristic air-water flow parameters were in close agreement for the different 
rough bed configurations including several characteristic flow depths, the magnitude of 
maximum interfacial velocities in a cross-section and the mean void fraction in a cross-
section.  All void fraction distributions were in relatively close agreement with the 
advective diffusion equation for hydraulic jumps. 
- The bed roughness increased the momentum exchange between boundary layer and the 
overlying shear layer region increasing the bubble break-up processes into smaller 
bubbles and leading to a formation of large scale eddies which were transported 
downstream entrapping the air bubbles. 
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6. Scale Effects in Hydraulic Jumps with Channel Bed Roughness 
6.1 Presentation 
Air-water flows are affected by scale effects and the scaling of laboratory data to prototype scale 
must be carefully assessed.  Scale effects in air-water flows were investigated (Kobus 1984, 
Chanson 2007, 2013), including in hydraulic jumps (Chanson and Gualtieri 2008; Murzyn and 
Chanson 2008; Chanson and Chachereau 2013; Wang 2014) and stepped spillways (Felder and 
Chanson 2009; Felder 2013).  The studies showed that any mention of scale effects must be 
associated with the list of tested parameters, and some air-water flow parameters are more 
affected by scale effects than others (Chanson 2007, 2013; Chanson and Chachereau 2013).  In 
hydraulic jumps on smooth bed, Wang (2014) suggested a Reynolds number of at least 6×104 to 
avoid scale effects in terms of void fraction distributions based upon an undistorted Froude 
similitude.  The interfacial velocity distributions followed closely self-similar profiles in hydraulic 
jumps.  To date most hydraulic jump studies focused on smooth bed.  No investigation tested 
scale effects in terms of air-water flow properties in hydraulic jumps in the presence of large bed 
roughness.  While the results might be comparable to smooth bed hydraulic jumps, no definite 
answer exists.  Present observations of air-water flow patterns (Section 3) suggested some 
effect of inflow depth on the flow patterns including pre-aeration of the flow and the existence of 
a clear water core region underneath the jumps for rough bed configurations.  The comparative 
analysis of the air-water flow properties showed that there were differences in distributions 
between rough and smooth bed jumps (Section 5). 
 
The present investigation focused on key air-water flow properties including void fraction, 
interfacial velocity, bubble count rate as well as interfacial area and auto-and cross-correlation 
time scales for the two rough bed configurations.  A comparative analysis was conducted based 
upon a Froude similitude for both rough bed configurations (section 2.1).  While the comparison 
was based upon large Reynolds numbers to minimise potential scale effects, the Reynolds 
numbers could not be identical simultaneously in an undistorted Froude similitude (Section 2.1). 
 
For all configurations, the jump toe position was at the same position downstream of the gate 
(x1 = 1 m), the same instrumentation was used (i.e. no scaling of sensor size) and the bed 
roughness was identical for each respective rough bed configuration.  Table 6.1 summarises the 
investigated flow conditions for the Froude similitude for both rough bed configurations. 
 
Table 6.1: Experimental flow conditions for investigation of scale effects in hydraulic jumps with 
rough channel bed based upon Froude 
Configuration 
Fr1 
[-] 
Re1  
[-] 
h 
[mm] 
Qw 
[m3/s] 
x1 
[m] 
d1 
[mm] 
V1 
[m/s] 
Bed roughness 1 4.6 9.0 ×104 20 0.045 1.0 34 2.7 
4.3 1.4 ×105 36 0.071 1.0 48 2.9 
4.2 2.0 ×105 52 0.103 1.0 63 3.3 
Bed roughness 2 4.2 1.7 ×105 36 0.083 1.0 54 3.1 
3.8 2.1 ×105 52 0.106 1.0 68 3.1 
 
  
WRL Research Report 259   FINAL   June 2016 72 
6.2 Scale Effects in Terms of Basic Air-water Flow Properties 
6.2.1 Void fraction distributions 
The void fraction distributions for both rough bed configurations showed some typical flow 
patterns, similar to well-known results in smooth bed hydraulic jumps (section 5).  No scale 
effects were identified for the range of Reynolds numbers in the present study (Figure 6-1) and 
the findings were in close agreement with previous studies of hydraulic jumps on smooth beds 
(e.g. Chanson and Chachereau 2013).  For both rough bed configurations, the void fraction 
distributions scaled very well in the turbulent shear region albeit small differences close to the 
free-surface.  Overall the void fraction distributions scaled well for Reynolds numbers above Re 
> 9.0 ×104.  These findings are consistent with the smooth bed findings where a minimum 
Reynolds number Re = 6.0 ×104 was found to prevent scale effects in terms of void fractions 
(Chanson and Chachereau 2013; Wang 2014). 
 
 
(A) (x-x1)/d1 = 5.6; rough bed 1 
 
(B) (x-x1)/d1 = 16.8; rough bed 1 
 
 
(C) Fr1=4.2, Re1=1.7×10
5; h = 36 mm with Fr1=3.8, Re1=2.1×10
5; h = 52 mm; rough bed 2 
Figure 6-1: Comparative analysis of void fraction distributions in hydraulic jumps with channel 
bed roughness based upon Froude similitude 
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The present finding was significant because it showed that the void fraction distributions were 
unaffected by the pre-aeration of the flow.  In prototype-scale flows (e.g. hydraulics jump at 
spillway toe), the flow might be pre-aerated and the present results suggest that an 
extrapolation of void fractions in pre-aerated hydraulic jumps may be possible based upon a 
Froude similitude. 
 
6.2.2 Bubble count rate distributions 
Previous studies showed that the bubble count rate cannot be extrapolated without significant 
scale effects (Murzyn and Chanson 2008; Chanson and Chachereau 2013; Wang 2014).  The 
present study showed also some scale effect in terms of bubble count rate for both rough bed 
configurations (Figure 6-2).  While the overall shape of the distributions was similar, hydraulic 
jumps with the largest Reynolds numbers presented systematically the largest dimensionless 
bubble count rates.  The present data suggested that the scale effects were not as significant as 
on smooth bed, in particular for rough bed configuration 2: the bubble count rate distributions 
showed smaller differences compared to hydraulic jumps on smooth bed and for bed roughness 
configuration 1 (Figure 6-2).  It is not clear if the observation might be linked to differences in 
the pre-aeration of the flow.  The range in Reynolds numbers was moderate (Table 6.1).  A 
broader range of Reynolds numbers might show further scale effects.  Overall the scaling of 
bubble count rate distributions in hydraulic jumps with rough channel bed was not possible 
based upon a Froude similitude. 
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(A) (x-x1)/d1 = 3.2; rough bed 1 
 
(B) (x-x1)/d1 = 12.6; rough bed 1 
 
(C) Fr1=4.2, Re1=1.7×10
5; h = 36 mm with Fr1=3.8, Re1=2.1×10
5; h = 52 mm; rough bed 2 
Figure 6-2: Comparative analysis of bubble count rate distributions in hydraulic jumps with 
channel bed roughness based upon Froude similitude 
 
6.2.3 Interfacial velocity distributions 
For both rough bed configurations, the interfacial velocities were scaled accurately based upon a 
Froude similitude (Figure 6-3).  Although only small scatter was observed in the turbulent shear 
region, the scatter was more pronounced in the recirculation region.  The scatter is visible in 
Figure 6-3C for the rough bed configuration 2.  Further downstream in the section without 
recirculation region, the interfacial velocities matched quite well (Figure 6-3B and C).  Overall 
the comparative analysis showed no major scale effect in terms of dimensionless interfacial 
velocity distribution for the two rough bed configurations.  While the overall interfacial velocity 
profiles showed some good self-similarity independent of the scale, the characteristic interfacial 
velocity parameters Vmax/V1, YVmax/d1 and Vrec/V1 showed some stronger scatter (Figure 6-3).  
Despite these differences, the interfacial velocity distributions were closely scaled with a Froude 
similitude for Re > 9.0 ×104. 
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(A) (x-x1)/d1 = 8.8; rough bed 1 
 
(B) (x-x1)/d1 = 16.8; rough bed 1 
 
(C) Fr1=4.2, Re1=1.7×10
5; h = 36 mm with Fr1=3.8, Re1=2.1×10
5; h = 52 mm; rough bed 2 
Figure 6-3: Comparative analysis of interfacial velocity distributions in hydraulic jumps with 
channel bed roughness based upon Froude similitude 
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Scale effects were also observed in terms of the auto- and cross-correlation time scales with 
comparatively larger dimensionless scales for the smallest Reynolds numbers independently of 
the flow region and distance downstream of the jump toe (Figure 6-5 and 6-6).  The trend was 
observed for both rough bed configurations and was consistent with previous observations in 
terms of integral time scales in hydraulic jumps on smooth bed (Wang 2014).  It must be noted 
that the turbulence properties in the present study were not decomposed with the triple 
decomposition technique for air-water flows (Felder and Chanson 2014; Wang et al. 2014a). 
Based upon the observations of Wang (2014) on a smooth bed hydraulic jump, it is most likely 
that the decomposed signal components of the hydraulic jumps on the rough bed would also be 
affected by scale effects. Overall the present data suggested that the turbulence properties were 
not accurately scaled based upon a Froude similitude. 
 
 
(A) (x-x1)/d1 = 3.2; rough bed 1 
 
 
(B) (x-x1)/d1 = 8.8; rough bed 1 
 
(C) Fr1=4.2, Re1=1.7×10
5; h = 36 mm with Fr1=3.8, Re1=2.1×10
5; h = 52 mm; rough bed 2 
Figure 6-4: Comparative analysis of turbulence intensity distributions in hydraulic jumps with 
channel bed roughness based upon Froude similitude 
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(A) Auto-correlation scales: (x-x1)/d1 = 5.6 
 
(B) Cross-correlation scales: (x-x1)/d1 = 12.6 
Figure 6-5: Comparative analysis of auto- and cross-correlation time scale distributions in 
hydraulic jumps with bed roughness 1 based upon Froude similitude 
 
 
 
(A) Auto-correlation scales (x-x1)/d1 = 5.6 
 
(B) Cross-correlation scales 
Figure 6-6: Comparative analysis of auto- and cross-correlation time scale distributions in 
hydraulic jumps with bed roughness 2 based upon Froude similitude 
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6.4 Discussion 
Recent experimental findings demonstrated the limitations of dynamic similarity and physical 
modelling of aerated flows (Chanson 2013).  Importantly the selection of the criteria to assess 
scale affects is most critical.  In other words, any mention of scale effects must be associated 
with the list of tested parameters (Chanson and Chachereau 2013, Schultz and Flack 2013).  
Table 6.2 summarises the present findings. 
 
The comparative analysis of air-water flow properties on the two rough bed configurations 
confirmed previous observations of scale effects on hydraulic jumps on smooth channel bed 
(Murzyn and Chanson 2008; Chanson and Chachereau 2013; Wang 2014).  The void fraction and 
interfacial velocity distributions were not affected by scale effects for the investigated range of 
Reynolds numbers, while other parameters including bubble count rate and turbulence properties 
were affected by scale effects.  The present tests were limited to a range of Reynolds numbers 
2.1 ×105 > Re > 9.0 ×104 and present findings should not be extrapolated beyond.  Unless 
prototype experiments at large Reynolds numbers are conducted, the final observations remain 
limited to the observations at laboratory scale.  Table 6-2 summarises the key outcomes. 
 
Table 6.2: Summary of scale effect observation in hydraulic jumps on rough channel bed 
based upon Froude similitude for Re > 9.0 ×104 
Air-water flow property Observations of scale effects Relevance 
Void fraction No scale effects  Key design parameter 
Bubble count rate Scale effects Bubble/droplet count rates do not scale 
Interfacial velocity No scale effects Strong data scatter in recirculation 
region 
Turbulence intensity Small scale effects Impacts on energetic processes 
Auto- and cross-
correlation time scales 
Very small scale effects In particular in recirculation region 
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7. Conclusion 
A detailed experimental study of hydraulic jumps was conducted for three different channel bed 
configurations comprising smooth bed, and two different configurations of macro-roughness.  
The focus of the study was the air-water flow patterns and the effects of large bed roughness on 
the two-phase flow properties.  Experiments were conducted for a range of discharges 0.012 ≤ 
Qw ≤ 0.106 m
3/s, corresponding to upstream Froude numbers of 1.7 ≤ Fr1 ≤ 6.5 and to 
Reynolds numbers of 6.3 × 104 ≤ Re ≤ 2.1 × 105.  The experiments comprised detailed 
observations of the flow patterns on the rough bed configurations and air-water flow 
experiments for all three hydraulic jump configurations. 
 
The hydraulic jumps on the rough bed exhibited some characteristic flow patterns showing 
strong effects of bed roughness.  For all flow conditions, the flow was three dimensional 
throughout the test section with large scale vortices being created in interactions of boundary 
layer on rough bed and vortex shedding processes behind the jump toe.  An increase in bed 
roughness resulted in an increase in differences between rough and smooth bed configurations 
including a pre-aeration of the flow upstream of the hydraulic jump, an upwards shift of the 
jump roller resulting in a reduction of jump length, a clear water flow region underneath the 
jump and a stabilisation of the jump toe fluctuations.  The visual observations highlighted a 
range of hydraulic jump types including undular jumps, stable jumps with rollers as well as 
jumps with standing waves and a cyclic transformation between roller jump and wave jump.  
While basic observations of the conjugate depth relationship confirmed the effect of flow 
resistance of the rough bed, the visual observations of flow patterns highlighted the strong effect 
of channel bed roughness upon the hydraulic jumps. 
 
A detailed experimental campaign was conducted with a newly designed conductivity probe from 
WRL, which was validated in a comparison with an established UQ phase-detection sensor.  
While the overall distributions of air-water flow properties were similar for the rough and smooth 
bed hydraulic jumps, the comparative analysis highlighted some distinctive effects of the bed 
roughness upon the air-water flow properties within hydraulic jumps.  With increasing bed 
roughness, the effects of roughness became more apparent.  The most pronounced differences 
were the upwards shift of the hydraulic jump roller visible in a shift of the boundary between 
shear layer region in the recirculation region and an increase in bubble count rate and void 
fractions in the region close to the jump toe.  In the second half of the hydraulic jumps the 
rough bed led to elevated levels of void fraction in the recirculation region suggesting a lesser 
aeration of the free-surface region.  To extrapolate these observations, a detailed analysis of 
potential scale effects was conducted based upon a Froude similitude.  The analyses highlighted 
the limitations of upscaling on several air-water flow properties including the bubble count rate 
and turbulent properties while the void fraction and interfacial velocities were scaled accurately 
for the range of Reynolds numbers 2.1 ×105 > Re > 9.0 ×104. 
 
Overall the present study highlighted the effects of macro-roughness upon hydraulic jumps 
including both flow patterns and air-water flow properties.  The present results showed the 
potential to manipulate hydraulic jump flow motion with the introduction of roughness elements 
on the channel bed.  The introduction of macro-roughness is a suitable way to increase flow 
aeration and bubble break-up which can be useful for industrial applications where air-water 
mass transfer processes and mixing processes are of importance.  The introduction of uniformly 
distributed macro-roughness may have additional benefits including the dissipation of flow 
energy.  While the present experiments did not record the head loss in detail, the conjugate 
depth observations suggested an increase in energy dissipation rate.  Further detailed tests 
should be conducted in future to quantify the head loss reduction due to bed roughness.  The 
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present study highlighted the potential that improved and non-standard designs may have for 
flow manipulations and design enhancements. 
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10. Appendices 
Appendix A: Photographs of Hydraulic Jumps on Rough Bed 
Detailed photographs of the hydraulic jump flow patterns were recorded for the two rough bed 
configurations.  The flow patterns were described in detail in Section 3.  This Appendix 
complements the flow patterns observations with a systematic documentation of the flow 
patterns of hydraulic jumps with bed roughness.  The figures herein are sorted in terms of rough 
bed configuration and gate opening.  They encompass the full range of flow rates investigated in 
the present study. 
 
 
Small undular hydraulic jump: Fr1 = 1.9; Qw = 0.047 m
3/s; Re1=9.4×10
4 
 
Undular hydraulic jump: Fr1 = 2.1; Qw = 0.053 m
3/s; Re1=1.0×10
5 
 
Undular hydraulic jump with air entrainment at first crest: Fr1 = 2.4; Qw = 0.061 m
3/s; Re1=1.2×10
5 
 
Hydraulic jump with small roller: Fr1 = 2.7; Qw = 0.069 m
3/s; Re1=1.4×10
5 
 
Hydraulic jump with roller and fluctuations of jump toe: Fr1 = 3.3; Qw = 0.085 m
3/s; Re1=1.7×10
5 
 
Hydraulic jump floating on top of clear water flow region: Fr1 = 3.8; Qw = 0.095 m
3/s; Re1=1.9×10
5 
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Hydraulic jump with strong vortex shedding and free-surface fluctuations: Fr1 = 4.3; Qw = 0.112 m
3/s; 
Re1=2.2×10
5 
Figure 10-1: Hydraulic jump patterns for rough bed configuration 1: gate opening 52 mm; x1=1 
m, flow direction from right to left; Note the waviness of the free-surface (pointer gauge 
measurement of d1) 
 
 
Small undular hydraulic jump: Fr1 = 2.0; Qw = 0.034 m
3/s; Re1=6.8×10
4 
 
Undular hydraulic jump with train of undulations: Fr1 = 2.3; Qw = 0.038 m
3/s; Re1=7.7×10
4 
 
Undular hydraulic jump with small air entrainment at first crest: Fr1 = 2.6; Qw = 0.043 m
3/s; Re1=8.7×10
4 
 
Hydraulic jump with small roller and air entrainment: Fr1 = 2.9; Qw = 0.050 m
3/s; Re1=1.0×10
5 
 
Hydraulic jump with roller and clear water flow region under jump; small fluctuations of jump toe: Fr1 = 3.5; 
Qw = 0.061 m
3/s; Re1=1.2×10
5 
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Hydraulic jump floating with vortex street on clear water: Fr1 = 3.9; Qw = 0.069 m
3/s; Re1=1.4×10
5 
 
Hydraulic jump with strong vortex shedding: Fr1 = 4.4; Qw = 0.077 m
3/s; Re1=1.5×10
5 
 
Hydraulic jump with strong vortex shedding and splashing: Fr1 = 4.6; Qw = 0.092 m
3/s; Re1=1.8×10
5 
Figure 10-2: Hydraulic jump patterns for rough bed configuration 1: gate opening 36 mm; x1=1 
m, flow direction from right to left; Note the waviness of the free-surface (pointer gauge 
measurement of d1) 
 
 
Undular hydraulic jump: Fr1 = 2.1; Qw = 0.024 m
3/s; Re1=4.7×10
4 
 
Hydraulic jump with small air entrainment at first crest: Fr1 = 2.4; Qw = 0.028 m
3/s; Re1=5.7×10
4 
 
Hydraulic jump with aerated jump toe: Fr1 = 2.8; Qw = 0.031 m
3/s; Re1=6.3×10
4 
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Hydraulic jump with roller and air entrainment: Fr1 = 3.4; Qw = 0.038 m
3/s; Re1=7.5×10
4 
 
Hydraulic jump with roller and air entrainment: Fr1 = 3.7; Qw = 0.043 m
3/s; Re1=8.7×10
4 
 
Hydraulic jump with vortex shedding: Fr1 = 4.1; Qw = 0.056 m
3/s; Re1=1.1×10
5 
 
Hydraulic jump with strong vortex shedding and splashing: Fr1 = 4.5; Qw = 0.060 m
3/s; Re1=1.2×10
5 
Figure 10-3: Hydraulic jump patterns for rough bed configuration 1: gate opening 20 mm; x1=1 
m, flow direction from right to left; Note the waviness of the free-surface (pointer gauge 
measurement of d1) 
 
 
 
Free-surface undulations with small air entrainment: Fr1 = 1.7; Qw = 0.051 m
3/s; Re1=1.0×10
5 
 
Undular hydraulic jump with air entrainment: Fr1 = 2.1; Qw = 0.060 m
3/s; Re1=1.2×10
5 
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Undular jump with strong air entrainment throughout: Fr1 = 2.6; Qw = 0.076 m
3/s; Re1=1.5×10
5 
 
Hydraulic jump with oscillating patterns of roller formation: Fr1 = 2.9; Qw = 0.082 m
3/s; Re1=1.6×10
5 
 
Hydraulic jump without roller and steep upstream curvature: Fr1 = 3.0; Qw = 0.090 m
3/s; Re1=1.8×10
5 
 
Hydraulic jump with roller and air entrainment: Fr1 = 3.3; Qw = 0.101 m
3/s; Re1=2.0×10
4 
 
Hydraulic jump with vortex shedding: Fr1 = 3.6; Qw = 0.112 m
3/s; Re1=2.2×10
5 
 
Hydraulic jump with strong vortex shedding and splashing: Fr1 = 4.3; Qw = 0.124 m
3/s; Re1=2.5×10
5 
Figure 10-4: Hydraulic jump patterns for rough bed configuration 2: gate opening 52 mm; x1=1 
m, flow direction from right to left; Note the waviness of the water free-surface and the pre-
aeration of the flow upstream of the jump (pointer gauge measurement of d1) 
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Undular hydraulic jump with air entrainment: Fr1 = 1.9; Qw = 0.042 m
3/s; Re1=8.3×10
4 
 
Hydraulic jump with strong air entrainment at first crest: Fr1 = 2.7; Qw = 0.060 m
3/s; Re1=1.2×10
5 
 
Hydraulic jump with roller: Fr1 = 2.8; Qw = 0.065 m
3/s; Re1=1.3×10
5 
 
Hydraulic jump with roller and air entrainment: Fr1 = 3.0; Qw = 0.078 m
3/s; Re1=1.5×10
5 
 
Hydraulic jump with strong vortex shedding and splashing: Fr1 = 3.4; Qw = 0.084 m
3/s; Re1=1.7×10
5 
Figure 10-5: Hydraulic jump patterns for rough bed configuration 2: gate opening 36 mm; x1=1 
m, flow direction from right to left; Note the waviness of the water free-surface and the aeration 
of the flow upstream of the jump (pointer gauge measurement of d1) 
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Undular hydraulic jump with strong air entrainment: Fr1 = 2.1; Qw = 0.032 m
3/s; Re1=6.3×10
4 
 
Hydraulic jump with strong aeration at first crest: Fr1 = 2.4; Qw = 0.038 m
3/s; Re1=7.6×10
4 
 
Hydraulic jump with strong aeration at first crest : Fr1 = 2.8; Qw = 0.049 m
3/s; Re1=9.7×10
4 
Figure 10-6: Hydraulic jump patterns for rough bed configuration 2: gate opening 20 mm; x1=1 
m, flow direction from right to left; Note the waviness of the free-surface and the pre-aeration of 
the flow upstream of the jump (pointer gauge measurement of d1) 
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Appendix B: Comparative Analysis of Double-tip Conductivity Probes 
In the present study, two double-tip conductivity phase-detection probes were used.  The first 
conductivity probe was an established probe from the University of Queensland (Chanson 2002; 
Chanson and Carosi 2007; Felder 2013), denoted as UQ sensor, and the second probe was a 
newly designed double-tip probe from UNSW’s Water Research Laboratory, denoted as WRL 
sensor.  The two double-tip conductivity sensors are illustrated in Figure 10-7 together with the 
positioning of the leading and trailing sensor tips of the respective sensors.  The UQ sensor had 
an inner electrode diameter Ø = 0.25 mm and an outer diameter of Ø = 0.85 mm while the WRL 
sensor had inner and outer electrodes diameters of Ø = 0.125 mm and Ø = 0.5 mm 
respectively.  The positioning between the sensors differed slightly with longitudinal and 
transverse separations between leading and trailing tip of ∆x = 7.25 mm and ∆z = 2.2 mm (UQ 
sensor), and ∆x = 7.9 mm and ∆z = 1.0 mm (WRL sensor) (Figure 10-7).  Both conductivity 
probes were positioned parallel at the same vertical elevation and with the two leading tip 
probes at the same longitudinal distance.  The leading tip of the WRL sensor was in channel 
centre line.  The two conductivity probes were positioned as shown in Figure 10-7.  The 
comparative analysis of the sensor performance was conducted in a hydraulic jump on a smooth 
channel bed.  While the positioning of the sensors was done most carefully, the longitudinal and 
vertical positions of the leading probe tips was within 1 mm accuracy. 
 
 
Figure 10-7: Double-tip conductivity sensors in the present study; sensors were positioned 
parallel facing in flow direction - view in elevation, photo perspective being slightly skewed - flow 
direction ideally from right to left 
 
Both conductivity probes were sampled simultaneously with an acquisition card NI USB-6251 
BNC connected to a PC with a self-designed LabVIEW data acquisition system (Felder 2013).  All 
sensors were sampled for 45 s at 20 kHz at each measurement position.  These sampling 
parameters have been proven to be most effective in high-velocity air-water flows (Chanson 
2007; Felder and Chanson 2015).  The acquired raw Voltage signals were post-processed using 
an established Fortran software enabling the calculation of a full range of air-water flow 
properties (Felder 2013).  Further details on the signal processing techniques can be found in 
Chanson and Toombes (2002), Chanson and Carosi (2007) and Felder (2013) as well as in 
Section 2.3. 
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In this Appendix the performance of the two types of conductivity probes are compared for the 
wide range of macro- and microscopic air-water flow properties comprising the void fraction, 
bubble count rate, interfacial velocity, auto- and cross-correlation time scales, turbulence 
intensity, maximum cross-correlation coefficient, chord size distributions as well as several 
cluster properties (Figure 10-9 to 10-14). 
 
Comparison of raw Voltage signals 
Typical raw signals for the two conductivity probes are illustrated in Figure 10-8 for the leading 
probe tips.  Both probe tips were in water when the Voltage signal was high, i.e. about 4.2 
Voltage for UQ and about 4 Voltage for WRL sensors.  When the sensor pierced an air bubble, 
the Voltage signal dropped suddenly because of the larger resistivity of air compared to water.  
In Figure 10-8, it is visible that the minimum Voltage signal for the UQ sensor was about 0 
Voltage and for the WRL sensor about 0.6 Voltage.  The differences in minimum and maximum 
Voltage were linked with different gains for the sensors, but had no effect on the detection of 
air-water interfaces since the calculation was based upon cross-correlation analysis of the raw 
signals and upon a single threshold of 50% of the bimodal Voltage peaks of the raw signal for 
the respective sensor.  Both sensors showed Voltage signals which were not square wave linked 
with the wetting and drying time of the probe tips (Figure 10-8B).  The signals of both sensors 
were consistent with previously reported signals of conductivity probes in air-water flows (e.g. 
Felder and Chanson 2015). 
 
The visual inspection of the raw Voltage signals appeared to show a larger number of air water 
interfaces for the WRL sensor (Figure 10-8A).  It seemed that the detected air bubbles did not 
consist of a larger number of smaller air-water interfaces, as could be expected for a smaller 
sensor size.  It appeared that there was a general trend of a larger number of air-water 
interfaces for the WRL sensor.  The reason remained unknown, since it would be expected that 
both sensors would be able to detect a similar number of larger air-water interfaces, and that a 
smaller sensor would detect a larger number of smaller air-water interfaces.  The outer diameter 
of the conductivity probe tips, (0.8 mm for UQ compared to 0.5 mm for WRL) sensor might have 
had an impact on the capacity to detect air bubbles within the flow.  The larger sensor might 
have distorted air bubbles resulting in a non-detection of the bubble independent of the size. 
 
A further explanation of the smaller number of air-water interfaces could be linked to the 
different position within the flow.  The two sensors were positioned with small transitional 
distance, but the accuracy was limited 1 mm.  Since hydraulic jumps are three dimensional and 
instationary, small differences in position can result in differences in air-water interfaces.  The 
effect of any difference in sensor positioning could not be assessed in this study. 
 
In addition to the different sensor sizes and designs, the conductivity probes were excited with 
two different electronic systems comprising the UQ electronic box and the WRL electronics which 
are a modified design of the UQ system.  Both conductivity probes and electronics worked 
together as a unit and gain adjustments of upper and lower Voltage raw signal were performed 
for the respective conductivity probe system.  The effects of the electronics systems were not 
assessed, nor were any differences in response time of the conductivity probes. 
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(A) Raw Voltage signal  
 
(B) Detailed raw Voltage signal 
Figure 10-8: Comparison of raw Voltage signal of leading tips of double-tip conductivity probes in 
hydraulic jump on smooth channel bed: Fr1 = 5.1, Re1 = 1.1 ×10
5; (x-x1)/d1 = 3.3; y/d1 = 1.083; 
UQ: C = 0.171, F = 82.3 Hz; WRL: 0.222, F = 103.9 Hz 
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Comparison of void fraction distributions 
The raw Voltage signals of the leading tip were analysed with a single threshold technique of 
50% yielding typical air-water flow properties within the hydraulic jump.  A comparison of void 
fraction distributions is presented in Figure 10-9 for the leading tips of the two sensors.  Despite 
some small scatter, little differences in the shapes of the void fraction distributions were 
observed.  While the overall magnitude in void fraction was similar, it appeared that the local 
void fractions for the WRL sensor were consistently larger compared to the UQ sensor for C < 
0.95.  In the upper spray region (C > 0.95), no differences in void fractions were found.  The 
slightly larger void fractions for the WRL sensor were consistent with the visual observation of 
larger number of air-water interfaces of the raw Voltage signal.  Any effects of differences in 
probe positioning, sensor tip response time and electronics system could not be quantified.  
Overall, the detection of the void fraction signals appeared quite similar for the two conductivity 
probe systems (Figure 10-9). 
 
 
Figure 10-9: Comparison of void fraction distributions for different double-tip conductivity probes 
in hydraulic jump on smooth channel bed: Fr1 = 5.1, Re1 = 1.1 ×10
5 
 
Comparison of bubble count rate distributions 
The visual observations of a larger number of detected air-water interfaces in the raw Voltage 
signal and the slightly larger void fraction levels for the WRL sensor were confirmed in the 
comparison of the bubble count rate distributions.  For all data recorded with the WRL sensor, 
the number of detected air bubbles was larger at all locations within the hydraulic jump for C < 
0.95 (Figure 10-10).  It appeared that the larger number of detected air bubbles was not linked 
with the smaller size of the inner electrode, but more likely with the overall reduced size of the 
tip of the conductivity probe.  The WRL conductivity probe was on average able to detect about 
15% more air-water interfaces compared to the UQ sensor.  In the upper flow region (C > 0.95), 
the flow consisted mainly of ejected water droplets impacting upon the sensors.  Within this part 
of the flow, the sensor size appeared to have little influence upon the number of detected water 
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droplets.  Despite the differences in bubble count rates, the overall shape of the distributions 
was consistent between the two sensors and also in agreement with previous studies of air-
water flows in hydraulic jumps. 
 
 
Figure 10-10: Comparison of bubble count rate distributions for different double-tip conductivity 
probes in hydraulic jump on smooth channel bed: Fr1 = 5.1, Re1 = 1.1 ×10
5 
 
Comparison of microscopic air-water flow properties 
A detailed analysis of the microscopic air-water flow properties was conducted to observe any 
effects of the sensor sizes upon the conductivity probe performance.  The comparative analysis 
of the probability distribution function of the air bubble chord sizes showed little differences 
between the two sensors independent of the position within the hydraulic jump (Figure 10-11).  
Both distributions showed very similar distribution shapes with similar quantities of air bubbles of 
similar sizes.  Figure 10-11 shows two examples of chord times for the two sensors showing in 
one case a proportionally smaller number for the WRL sensor (Figure 10-11A) and in a second 
case a smaller number of smaller bubbles for the UQ sensor (Figure 10-11B).  Similar 
observations were found for all experiments in the present study confirming that a detection of 
smaller air bubbles with the smaller sensor was not the case.  These results together with the 
observations of larger void fraction and bubble count rates for the smallest sensor suggested 
that the size of the inner electrode was not the determining factor in the differences between the 
two sensors. 
 
Clear differences between the sensors were observed in terms of the cluster properties (Figure 
10-12).  For several clustered properties the smaller sensor (WRL) recorded larger cluster 
properties including percentage of particles in cluster (10-12A), number of particles per cluster 
(10-12B), numbers of clusters per second (10-12C) and average chord sizes of particles in 
clusters (1—12D).  Despite these differences, overall the respective shapes of the distributions 
were very similar and consistent with previously reported data in smooth bed hydraulic jumps.  
The exact cause of the differences could not be identified, but the consistency with the 
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observations of void fraction and bubble count rate suggests that the clustered properties were 
affected similarly. 
 
 
 
(A) (x-x1)/d1 = 3.3 
 
(B) (x-x1)/d1 = 5.6 
Figure 10-11: Comparison of bubble chord times for different double-tip conductivity probes in 
hydraulic jump on smooth channel bed: Fr1 = 5.1, Re1 = 1.1 ×10
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(A) Percentage of particles in clusters 
 
(B) Particles per cluster 
 
(C) Number of clusters per second 
 
(D) Average clustered chord size 
Figure 10-12: Comparison of cluster properties for different double-tip conductivity probes in 
hydraulic jump on smooth channel bed: Fr1 = 5.1, Re1 = 1.1 ×10
5 
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Comparison of air-water flow properties based upon correlation analyses 
The raw Voltage signals of leading and trailing tips of a respective conductivity probe were 
analysed with correlation techniques.  The cross-correlation of the simultaneously sampled 
sensors provided the time averaged interfacial velocity (Figure 10-13).  Figure 10-13 shows a 
good agreement in magnitude and shape of the interfacial velocities for the two sensors.  
Despite some small scatter, it appeared that both conductivity probes detected fairly similar 
velocities showing no effect of the sensor on the performance to detect interfacial velocities 
(Figure 10-13). 
 
A relatively close agreement was also observed in terms of several advanced air-water flow 
properties comprising turbulence intensity (Figure 10-14A), maximum cross-correlation 
coefficient in a cross section Figure 10-14B) as well as auto- and cross-correlation time scales 
receptivity (Figure 10-14C and D).  For all these properties little differences were observed 
despite some strong scatter of data.  The largest differences appeared to be in the region at the 
downstream end of the hydraulic jump, i.e. in a region with overall smaller flow velocity. 
 
 
 
Figure 10-13: Comparison of interfacial velocity distributions for different double-tip conductivity 
probes in hydraulic jump on smooth channel bed: Fr1 = 5.1, Re1 = 1.1 ×10
5 
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(A) Turbulence intensity 
 
(B) Maximum cross-correlation coefficient 
 
 
(C) Auto-correlation time scale  
(D) Cross-correlation time scale 
Figure 10-14: Comparison of turbulence properties distributions for different double-tip 
conductivity probes in hydraulic jump on smooth channel bed: Fr1 = 5.1, Re1 = 1.1 ×10
5 
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Discussion 
The comparative analysis of the two conductivity probes showed some close agreement between 
the sensors for all air-water flow properties.  Despite some data scatter, the shapes of all 
distributions were similar showing typical features for hydraulic jumps.  Some differences in 
magnitudes were however observed for several air-water flow properties including the void 
fractions, bubble count rate and several clustered properties.  These differences appeared to be 
not linked to the different size of the inner electrode, but to some other factors which could not 
be quantified in the present study.  These factors which might have impacted upon the air-water 
flow properties are: 
 
- The different size of the outer electrode of the sensor might result in an overall reduced 
detection of air-water interfaces for the larger sensor. 
- The different electronics system could have had a contribution. 
- The wetting and drying time might be different for the two sensors indicating a faster 
response of the WRL sensor. 
- The sensors were not at the same position.  Due to the complexity of the flow in 
hydraulic jumps, even small differences in position could have resulted in differences in 
air-water flow properties. 
 
Overall the close agreement of the air-water flow properties for the two conductivity probes 
suggests that both sensors are suitable for air-water flow experiments.  The close agreement of 
the established UQ sensor with the newly-designed WRL sensor validates the suitability of the 
WRL sensor for air-water flow experiments. 
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Appendix C: Air-water Flow Data of Hydraulic Jumps with Bed Roughness 
Detailed air-water flow experiments were conducted for a range of flow conditions upstream of 
the hydraulic jump for the two rough bed configurations.  The experiments in the pre-aerated 
flow were conducted with the WRL double-tip conductivity probe and comprised a range of air-
water flow properties.  Basic results were presented in Section 4 and all air-water flow data 
upstream of and within the hydraulic jump are listed in Appendix E.  In this Appendix, some 
more advanced turbulent air-water flow properties upstream of the jump toe are discussed. 
 
Typical void fraction distributions upstream of the hydraulic jump toe are illustrated in Figure 10-
14 for the rough bed configurations.  The data are presented as functions of dimensionless 
vertical elevation y/Y90 where Y90 is the characteristic elevation with C = 0.9.  Figure 10-14A 
presents data for rough bed 1 and Figure 10-14B for rough bed 2.  The void fraction data were in 
good agreement overall (Figure 10-14).  For rough bed configuration 2, the data for h = 20 mm 
showed strong aeration levels close to the rough channel bed (Figure 10-14B).  Apart from the 
rough bed 2 data for the smallest gate opening, the shape of the void fraction distributions was 
very similar to profiles observed in self-aerated spillway flows, with an S-shape profile and low 
void fractions close to the channel bed (Straub and Anderson 1958; Cain and Wood 1981; Felder 
and Chanson 2013).  The present data compared well with a solution of the advective diffusion 
equation developed for air-water skimming flows on stepped spillways (Chanson and Toombes 
2002) (Figure (10-14). 
 
 
(A) Fr1 = 5.5; Qw = 0.083 m
3/s; Re1=1.6×10
5; 
h = 36 mm; Bed Roughness 1 
 
(B) Bed Roughness 2; position x = 0.85 cm 
downstream of sluice gate 
Figure 10-15: Void fraction distributions upstream of hydraulic jump with bed roughness; 
comparison with advective diffusion equation (Equation 14) 
 
The shape of the bubble count rate distributions was consistent with observations on spillways.  
With increasing distance downstream of the sluice gate, the bubble count rate increased 
indicating that no equilibrium bubble count rate profile was reached before the jump toe.  The 
number of air bubbles was comparatively larger in rough bed 2 in the bubble flow region close to 
the channel bed, highlighting the strong pre-aeration of the flow. 
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Longitudinal distribution of mean void fraction Cmean suggests the strongest aeration just 
downstream of the sluice gate and a drop in mean void fraction to an equilibrium level just 
upstream of the jump toe.  An increase in gate depth and flow depth respectively decreased the 
overall flow aeration, as observed visually (Section 3).  For the same gate opening and same bed 
roughness, the aeration increased with increasing Froude number and increasing channel bed 
roughness.  A trend of maximum bubble count rates in a cross-section indicated an increase of 
bubble counts with increasing distance downstream from the gate.  Together with the gradual 
decrease in Cmean downstream of the sluice gate, this suggested enhanced bubble break-up in 
the flow, i.e. a larger number of smaller air bubbles and water droplets respectively. 
 
The interfacial velocity exhibited a jet like behaviour closest to the gate with largest velocities 
closest to the channel bed indicating that the velocities were not fully developed in this region.  
For several flow conditions, the flow velocities appeared fully developed furthest away from the 
sluice gate upstream of the jump toe for rough bed configurations 1 and 2.  It appeared that the 
roughness shifted the velocity distribution upwards. 
 
The turbulence intensity distributions showed some small turbulence levels in the bubbly flow 
region close to the bed and in the spray region close to the free-surface, for both bed roughness 
configurations (Figure 10-15).  It must be noted that the turbulence levels close to the channel 
bed were still larger compared to turbulence intensities in mono-phase flows and in air-water 
flows on spillways with smooth bed.  The largest turbulence levels were observed in the 
intermediate flow region for void fractions of 0.25 < C < 0.65 independent of the bed roughness.  
A comparison of the turbulence intensity distributions for different discharges and at different 
longitudinal positions, suggested that the turbulence intensities were elevated in regions with the 
largest bubble count rate.  The Tu profiles were relatively similar for comparatively similar 
bubble count rates at the same distance downstream of the sluice gate (Figure 10-15A).  Larger 
turbulence levels were found closer to the gate and the downstream development of the 
turbulence indicated that no equilibrium flow conditions were achieved (Figure 10-15B). 
 
Similar results were also observed for the auto- and cross-correlation time scales (Figure 10-16 
and 10-17) exhibiting largest time scales in the intermediate flow region for both rough bed 
configurations.  Close to the channel bed and in the region close to the free-surface, the time 
scales tended to small values.  No differences between auto –and cross-correlation time scales 
were found in the upper spray region (C > 0.95) which has been reported on stepped spillways 
(Chanson and Carosi 2007; Felder and Chanson 2009).  In contrast to observations on spillways 
of large numbers of ejected water droplets above the flow, the flows upstream of the hydraulic 
jump were of a different nature acting as a coherent stream of water and to a much lesser 
extent air entities (see Section 3). 
 
For all turbulence properties (Figures 10-15 to 10-17) it appeared that the maximum levels of 
respective flow property within the bulk of the flow decreased with increasing Froude number 
independent of the channel bed roughness.  Furthermore for the same Froude number, both 
turbulence levels and auto- and cross-correlation time scales increased in the direction 
downstream of the sluice gate. 
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(A) Bed Roughness 1; Various flows; position 
x = 0.85 cm downstream of sluice gate 
 
(D) Bed roughness 1: Fr1 = 6.5; Qw = 
0.065 m3/s; Re1=1.3×10
5; h = 20 mm 
 
 
(C) Bed Roughness 2; position x = 0.85 cm 
downstream of sluice gate 
 
Figure 10-16: Turbulence intensity distributions upstream of hydraulic jump with bed roughness 
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(A) Bed Roughness 1; Various flows; position x 
= 0.85 cm downstream of sluice gate 
 
(B) Bed Roughness 1; Fr1 = 5.5; Qw = 
0.083 m3/s; Re1=1.7×10
5; h = 36 mm 
 
 
(C) Bed Roughness 2; position x = 0.85 cm 
downstream of sluice gate 
 
Figure 10-17: Auto-correlation time scale distributions upstream of hydraulic jump with bed 
roughness 
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(A) Bed Roughness 1; Various flows; position x 
= 0.85 cm downstream of sluice gate 
 
(B) Bed Roughness 1; Fr1 = 4.2; Qw = 0.103 
m3/s; Re1=2×10
5; h = 52 mm 
 
 
(C) Bed Roughness 2; position x = 0.85 cm 
downstream of sluice gate 
 
Figure 10-18: Cross-correlation time scale distributions upstream of hydraulic jump with bed 
roughness 
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Appendix D: Experimental Configurations for Comparative Analysis of Channel 
Bed Roughness on Air-water Flow Properties 
Detailed comparative analyses between air-water flow properties on hydraulic jumps with rough 
and smooth channel beds were conducted (Section 5).  The present data with the three bed 
configurations were compared with previous hydraulic jump data on smooth channel bed with 
similar inflow Froude numbers.  These smooth bed data were collected with UQ conductivity 
probes in a comparable experimental setting with same inflow conditions, same channel length 
and width (Chanson 2006, 2009b; Murzyn and Chanson 2007; Chachereau and Chanson 2010; 
Wang 2014; Wang et al. 2014b).  Details about these experiments can be found in Table 10.1.  
Most of the previous experimental data were collected with the same UQ double-tip conductivity 
probe which was used in the comparative analysis of UQ and WRL conductivity probes (see 
Appendix B). 
 
The rough bed experimental data were systematically compared including comparison between 
rough bed configuration 1 and configuration 2, as well as between rough bed configurations and 
smooth channel bed data.  The comparative analysis was conducted based upon comparable 
inflow Froude numbers.  It is acknowledged that a number of inflow Froude numbers differed 
slightly and any potential effects are discussed in Section 5.  Table 10.2 summarises the 
experimental flow conditions for the comparison of rough bed configurations 1 and 2, Table 10.3 
for the comparison of roughness 1 with smooth bed and Table 10.4 for the comparative analysis 
of rough bed 2 with smooth bed data. The tables include the inflow Froude numbers and 
Reynolds numbers as well as the location of the channel bed toe downstream of the sluice gate. 
 
Table 10.1: Relevant experimental studies of air-water flow properties in hydraulic jumps with 
smooth bed used for comparison of roughness effects 
Reference w [m] d1 [m] x1 [m] Fr1 Re1 Instrumentation 
Chanson (2006) 0.25 & 
0.5 
0.013 – 0.027 0.5 & 1 5.1 2.5×104 – 
7.7×104 
1-tip probe  
(Ø = 0.35 mm) 
Murzyn and 
Chanson (2007) 
0.5 0.018 0.75 5.1 3.8×104 2-tip probe  
(Ø = 0.25 mm) 
Chanson (2009b) 0.5 0.018 0.75 5.1 4.0×104 2-tip probe  
(Ø = 0.25 mm) 
Chachereau and 
Chanson (2010) 
0.5 0.04 1.5 3.8-
5.1 
9.8×104 – 
1.3×105 
2-tip probe  
(Ø = 0.25 mm) 
Wang et al. 
(2014b) 
0.5 0.02 0.83 3.8 & 
5.1 
3.5×104 & 
4.8×104 
2-tip probe  
(Ø = 0.25 mm) 
Wang (2014) 0.5 0.02 – 0.057 1.25 3.8 & 
5.1 
3.4×104 & 
9.1×104 
2-tip probe  
(Ø = 0.25 mm) 
 
Table 10.2: Experimental configurations for comparison of roughness effects on air-water flow 
properties in hydraulic jumps: comparison of bed roughness 1 and bed roughness 2 
Bed Roughness 1 Bed Roughness 2 
Reference Fr1 Re1 x1 [m] Reference Fr1 Re1 x1 
[m] 
Present study 4.3 1.4×105 1 Present study 4.2 1.7×105 1 
Present study 4.2 2.0×105 1 Present study 4.2 1.7×105 1 
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Table 10.3: Experimental configurations for comparison of roughness effects on air-water flow 
properties in hydraulic jumps: comparison of smooth bed and bed roughness 1 
Bed Roughness 1 Smooth bed 
Reference Fr1 Re1 x1 
[m] 
Reference Fr1 Re1 x1 
[m] 
Present study 4.6 9.0×104 1 Present study 5.1 1.1×105 1 
Present study 4.6 9.0×104 1 Wang (2014) 5.1 9.0×104 1.25 
Present study 4.6 9.0×104 1 Chachereau and Chanson (2010) 4.4 1.1×105 1.5 
Present study 5.5 1.6×105 1 Present study 5.1 1.1×105 1 
Present study 4.3 1.4×105 1 Chachereau and Chanson (2010) 4.4 1.1×105 1.5 
 
 
Table 10.4: Experimental configurations for comparison of roughness effects on air-water flow 
properties in hydraulic jumps: comparison of smooth bed and bed roughness 2 
Bed Roughness 2 Smooth bed 
Reference Fr1 Re1 x1 
[m] 
Reference Fr1 Re1 x1 
[m] 
Present study 3.8 2.1×105 1 Wang (2014) 3.8 1.6×105 1.25 
Present study 4.2 1.7×105 1 Wang (2014) 3.8 1.6×105 1.25 
Present study 4.2 1.7×105 1 Chachereau and Chanson (2010) 4.4 1.1×105 1.5 
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Appendix E: Air-water Flow Data of Hydraulic Jumps with Bed Roughness 
This Appendix presents the air-water flow experimental data of the present study in tabular 
form.  The data comprise the two rough bed configurations collected with the WRL double-tip 
conductivity probe (Ø = 0.125 mm).  The conductivity probe was sampled for 45 s with 20 KHz 
per sensor.  The leading tip was positioned in channel centre line for all experiments.  The 
hydraulic jump toe was located at x1 = 1 m downstream of the sluice gate and the provided 
longitudinal locations are relative to the jump toe. 
 
E.1: Experimental data on rough bed 1 
 
Rough bed 1: Fr1 = 4.2; Qw = 0.103 m
3/s; Re1=2.0×10
5; h = 52 mm; d1=6.27 cm: x = -0.65 m 
(upstream of hydraulic jump) 
 
y [mm] C [-] F [Hz] V [m/s] Tu [-] Txx [s] Txy [s] (Rxy)max [-] 
8 0.000 0.3 4.65 -- 0.02098 0.00772 0.441 
11 0.001 1.2 4.05 2.02 0.01534 0.00504 0.403 
14 0.004 2.8 3.76 0.44 0.00635 0.00335 0.540 
17 0.003 2.4 3.76 1.04 0.01122 0.00834 0.618 
20 0.014 6.9 3.85 0.69 0.00604 0.00564 0.756 
23 0.020 10.0 3.67 1.04 0.01099 0.00783 0.720 
26 0.036 13.7 3.67 0.95 0.00933 0.00724 0.751 
29 0.035 12.3 3.76 2.49 0.01361 0.01205 0.772 
32 0.052 17.4 3.59 1.38 0.01203 0.00933 0.689 
35 0.099 25.8 3.59 2.58 0.01523 0.01249 0.786 
38 0.064 18.5 3.76 2.80 0.01392 0.01198 0.745 
41 0.101 20.5 3.67 4.25 0.01935 0.01536 0.811 
44 0.117 24.2 3.59 4.11 0.01672 0.01389 0.763 
47 0.130 22.7 3.59 4.84 0.01830 0.01430 0.757 
50 0.143 26.8 3.59 4.08 0.01842 0.01462 0.773 
53 0.204 29.4 3.59 5.45 0.02175 0.01700 0.814 
56 0.218 31.0 3.67 5.93 0.02102 0.01706 0.820 
59 0.345 35.4 3.67 5.36 0.02298 0.01818 0.847 
62 0.426 39.4 3.76 5.15 0.02226 0.01897 0.918 
65 0.570 37.6 3.76 4.51 0.02165 0.01878 0.920 
68 0.664 37.6 3.76 4.25 0.02083 0.01798 0.923 
71 0.786 30.9 3.76 4.11 0.02018 0.01739 0.914 
74 0.851 22.9 3.67 4.77 0.02123 0.01801 0.907 
77 0.940 12.6 3.67 3.76 0.01700 0.01520 0.891 
80 0.970 6.4 3.76 2.60 0.01477 0.01289 0.863 
83 0.974 5.8 3.67 3.08 0.01471 0.01340 0.895 
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Rough bed 1: Fr1 = 4.2; Qw = 0.103 m
3/s; Re1=2.0×10
5; h = 52 mm; d1=6.27 cm: x = -0.35 m 
(upstream of hydraulic jump) 
 
y [mm] C [-] F [Hz] V [m/s] Tu [-] Txx [s] Txy [s] (Rxy)max [-] 
5 0.000 0.2 3.43 0.80 0.01828 0.00580 0.328 
8 0.000 0.9 3.76 0.41 0.00934 0.00252 0.229 
11 0.001 1.4 3.67 0.22 0.00182 0.00099 0.306 
14 0.003 3.2 3.76 0.61 0.00634 0.00293 0.426 
17 0.004 3.8 3.51 0.32 0.00217 0.00187 0.453 
20 0.007 5.6 3.51 0.37 0.00358 0.00287 0.588 
23 0.007 6.0 3.43 0.46 0.00260 0.00199 0.588 
26 0.012 8.1 3.43 0.48 0.00367 0.00326 0.663 
29 0.010 8.3 3.59 0.44 0.00315 0.00211 0.637 
32 0.012 9.2 3.51 0.44 0.00320 0.00236 0.641 
35 0.013 8.3 3.59 0.37 0.00302 0.00223 0.699 
38 0.013 9.3 3.51 0.37 0.00502 0.00348 0.658 
41 0.018 11.6 3.51 0.48 0.00461 0.00402 0.717 
44 0.023 13.4 3.51 0.56 0.00757 0.00483 0.759 
47 0.034 15.7 3.59 0.83 0.00770 0.00633 0.779 
50 0.057 21.2 3.59 0.97 0.00844 0.00768 0.797 
53 0.083 27.4 3.67 1.73 0.01220 0.01064 0.845 
56 0.156 35.0 3.67 2.39 0.01479 0.01296 0.883 
59 0.298 54.4 3.67 2.69 0.01745 0.01473 0.896 
62 0.481 57.9 3.67 3.83 0.01953 0.01677 0.908 
65 0.659 49.3 3.67 3.58 0.01873 0.01630 0.911 
68 0.756 46.6 3.67 3.03 0.01731 0.01516 0.910 
71 0.914 27.5 3.67 1.94 0.01334 0.01188 0.872 
74 0.960 19.1 3.76 1.11 0.00886 0.00839 0.852 
77 0.984 11.1 3.76 0.68 0.00574 0.00548 0.748 
80 0.992 6.1 3.67 0.67 0.00747 0.00617 0.776 
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Rough bed 1: Fr1 = 4.2; Qw = 0.103 m
3/s; Re1=2.0×10
5; h = 52 mm; d1=6.27 cm: x = -0.15 m 
(upstream of hydraulic jump) 
 
y [mm] C [-] F [Hz] V [m/s] Tu [-] Txx [s] Txy [s] (Rxy)max [-] 
5 0.000 0.3 2.82 -- 0.00986 0.00506 0.226 
8 0.000 0.6 2.93 0.55 0.00376 0.00128 0.154 
11 0.001 1.3 3.29 0.38 0.00500 0.00269 0.287 
14 0.001 1.2 3.22 0.34 0.00345 0.00113 0.383 
17 0.002 2.7 3.51 0.22 0.00114 0.00081 0.376 
20 0.003 3.5 3.59 0.27 0.00228 0.00127 0.503 
23 0.005 5.2 3.51 0.28 0.00234 0.00169 0.576 
26 0.004 5.1 3.59 0.29 0.00265 0.00145 0.563 
29 0.006 5.7 3.59 0.29 0.00200 0.00138 0.624 
32 0.008 7.9 3.51 0.33 0.00252 0.00219 0.664 
35 0.008 6.3 3.51 0.33 0.00224 0.00136 0.674 
38 0.006 5.2 3.43 0.25 0.00219 0.00131 0.588 
41 0.008 7.0 3.43 0.34 0.00263 0.00214 0.624 
44 0.008 6.2 3.51 0.38 0.00425 0.00338 0.581 
47 0.022 13.1 3.43 0.67 0.00661 0.00586 0.747 
50 0.033 15.4 3.43 0.87 0.00740 0.00700 0.767 
53 0.081 21.0 3.59 2.11 0.01298 0.01181 0.863 
56 0.140 30.3 3.59 2.44 0.01617 0.01397 0.892 
59 0.255 49.8 3.67 2.44 0.01667 0.01454 0.911 
62 0.446 57.3 3.67 3.24 0.01845 0.01636 0.927 
65 0.588 60.6 3.59 2.31 0.01552 0.01413 0.918 
68 0.745 51.0 3.59 2.15 0.01412 0.01323 0.919 
71 0.880 34.3 3.67 1.58 0.01230 0.01126 0.909 
74 0.936 25.8 3.67 0.99 0.00843 0.00772 0.882 
77 0.967 16.3 3.67 0.90 0.00703 0.00675 0.858 
80 0.983 9.4 3.67 0.74 0.00629 0.00639 0.852 
83 0.992 5.7 3.67 0.48 0.00528 0.00486 0.837 
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Rough bed 1: Fr1 = 4.2; Qw = 0.103 m
3/s; Re1=2.0×10
5; h = 52 mm; d1=6.27 cm: x = 0.20 m  
 
y [mm] C [-] F [Hz] V [m/s] Tu [-] Txx [s] Txy [s] (Rxy)max [-] 
5 0.000 0.1 1.20 0.02 0.00012 0.00001 0.060 
10 0.000 0.6 1.55 -- 0.00424 0.00002 0.064 
15 0.001 1.2 3.43 0.13 0.01148 0.00032 0.340 
20 0.001 1.9 3.29 0.14 0.01462 0.00048 0.257 
25 0.001 2.1 3.36 0.04 0.01180 0.00089 0.332 
30 0.007 8.5 3.16 0.57 0.00201 0.00188 0.430 
35 0.010 10.7 3.16 0.86 0.00336 0.00311 0.503 
40 0.022 21.5 2.98 1.37 0.00472 0.00420 0.551 
45 0.034 33.2 2.98 1.98 0.00597 0.00598 0.613 
50 0.050 41.6 2.98 1.78 0.00629 0.00631 0.667 
55 0.077 60.8 2.98 1.68 0.00526 0.00524 0.649 
60 0.115 80.7 2.87 1.90 0.00611 0.00610 0.654 
65 0.168 97.3 2.82 1.94 0.00602 0.00602 0.663 
70 0.306 114.9 2.87 1.97 0.00695 0.00655 0.665 
74 0.355 118.2 2.82 2.10 0.00844 0.00746 0.655 
78 0.421 126.7 2.77 2.20 0.00796 0.00695 0.603 
82 0.385 118.1 2.59 2.31 0.00928 0.00738 0.585 
86 0.456 91.6 2.43 3.23 0.01319 0.00960 0.558 
90 0.395 98.9 2.39 3.10 0.01177 0.00902 0.540 
94 0.373 93.5 2.14 2.65 0.01244 0.00866 0.533 
98 0.312 94.3 2.14 2.84 0.01167 0.00838 0.502 
102 0.389 67.7 2.43 4.70 0.01575 0.01066 0.509 
106 0.359 70.7 1.98 3.63 0.01547 0.01025 0.491 
110 0.361 56.9 2.93 7.10 0.01812 0.01198 0.505 
115 0.371 51.0 4.16 11.64 0.01947 0.01264 0.493 
120 0.408 46.3 -1.50 6.16 0.01942 0.01570 0.466 
125 0.383 49.3 -1.98 6.86 0.01889 0.01421 0.456 
130 0.328 43.9 -- -- 0.01907 0.01433 0.499 
135 0.530 43.2 -1.66 6.30 0.02023 0.01661 0.504 
140 0.314 41.6 -1.53 5.29 0.02013 0.01519 0.492 
145 0.332 45.2 -1.82 5.94 0.01805 0.01404 0.465 
150 0.568 39.2 -1.68 7.09 0.02196 0.01815 0.543 
155 0.827 20.6 -2.51 -- 0.02211 0.01683 0.512 
160 0.656 37.8 -1.70 7.16 0.02383 0.01951 0.577 
165 0.880 14.6 -1.09 -- 0.02320 0.01918 0.511 
171 0.799 22.7 -1.21 5.40 0.02355 0.01982 0.571 
177 0.801 22.0 -1.52 -- 0.02418 0.02055 0.576 
183 0.838 18.2 -1.56 6.78 0.02303 0.01875 0.549 
191 0.851 16.0 -2.00 -- 0.02509 0.02063 0.585 
199 0.883 13.7 -1.58 -- 0.02446 0.02071 0.559 
207 0.914 10.7 -5.85 -- 0.02212 0.01668 0.508 
215 0.957 4.8 -1.50 5.89 0.01803 0.01471 0.455 
223 0.955 6.1 -6.58 -- 0.01875 0.01464 0.476 
231 0.970 3.2 4.05 -- 0.02106 0.01402 0.476 
235 0.975 3.6 -- -- 0.01832 0.01269 0.449 
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Rough bed 1: Fr1 = 4.2; Qw = 0.103 m
3/s; Re1=2.0×10
5; h = 52 mm; d1=6.27 cm: x = 0.35 m  
 
y [mm] C [-] F [Hz] V [m/s] Tu [-] Txx [s] Txy [s] (Rxy)max [-] 
5 0.000 0.8 2.55 0.14 0.00046 0.00033 0.058 
10 0.001 1.1 2.51 0.64 0.00058 0.00030 0.112 
15 0.001 2.2 2.63 0.43 0.00105 0.00060 0.226 
20 0.002 3.9 2.87 0.57 0.00121 0.00126 0.367 
25 0.003 5.8 3.10 0.37 0.00095 0.00093 0.324 
31 0.006 10.2 2.93 0.74 0.00220 0.00188 0.362 
37 0.016 21.1 2.77 1.06 0.00352 0.00314 0.443 
43 0.024 30.3 2.72 1.15 0.00406 0.00332 0.439 
49 0.031 36.4 2.72 1.13 0.00487 0.00374 0.486 
55 0.055 54.0 2.68 1.57 0.00652 0.00503 0.530 
60 0.082 67.6 2.77 1.63 0.00683 0.00566 0.587 
65 0.092 75.8 2.59 1.78 0.00693 0.00558 0.532 
70 0.123 91.0 2.63 1.73 0.00692 0.00593 0.578 
75 0.121 87.3 2.51 1.89 0.00750 0.00616 0.526 
80 0.153 95.4 2.47 2.06 0.00756 0.00628 0.522 
85 0.145 92.8 2.39 2.45 0.00720 0.00622 0.467 
90 0.179 103.4 2.32 2.07 0.00725 0.00632 0.491 
95 0.178 95.7 2.08 1.82 0.00692 0.00568 0.474 
100 0.261 99.2 2.26 2.41 0.00977 0.00749 0.500 
105 0.231 91.0 2.11 2.51 0.00927 0.00735 0.470 
110 0.262 84.6 2.05 2.91 0.01247 0.00882 0.506 
115 0.296 74.3 2.03 3.38 0.01276 0.00920 0.486 
120 0.246 65.9 1.90 4.13 0.01442 0.01010 0.476 
125 0.239 59.4 2.16 3.99 0.01442 0.00928 0.456 
130 0.259 58.6 2.32 6.24 0.01630 0.01068 0.449 
135 0.222 56.2 2.14 3.91 0.01528 0.00942 0.460 
141 0.225 44.4 2.93 7.05 0.01498 0.00949 0.409 
147 0.206 37.8 2.98 6.28 0.01633 0.00984 0.437 
154 0.269 38.0 -5.27 -- 0.01979 0.01453 0.509 
161 0.269 39.4 -2.05 7.05 0.01861 0.01506 0.488 
168 0.207 33.2 -1.36 4.79 0.01743 0.01421 0.438 
175 0.411 39.0 -1.93 -- 0.02242 0.01831 0.536 
182 0.267 31.4 -3.67 -- 0.02326 0.01769 0.545 
189 0.544 34.4 -1.68 -- 0.02624 0.02188 0.606 
196 0.673 29.6 -1.40 -- 0.02723 0.02339 0.621 
203 0.807 19.5 -1.48 -- 0.02636 0.02276 0.611 
210 0.879 13.0 -3.95 -- 0.02764 0.02163 0.631 
217 0.937 6.9 -3.16 -- 0.02076 0.01635 0.530 
224 0.940 8.2 -- -- 0.01992 0.01482 0.510 
231 0.937 9.0 3.04 -- 0.02203 0.01534 0.500 
232 0.930 9.2 -2.23 -- 0.02211 0.01937 0.566 
239 0.944 8.1 -7.18 -- 0.02192 0.01719 0.533 
246 0.951 7.0 -- -- 0.02314 0.01830 0.571 
253 0.953 5.0 -- -- 0.02271 0.01701 0.566 
260 0.984 3.0 1.66 4.06 0.01369 0.00894 0.394 
270 0.978 3.4 1.25 1.68 0.01883 0.00794 0.417 
280 0.992 1.2 -4.27 -- 0.01646 0.01226 0.376 
290 0.993 1.0 -- -- 0.02009 0.00986 0.405 
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Rough bed 1: Fr1 = 4.2; Qw = 0.103 m
3/s; Re1=2.0×10
5; h = 52 mm; d1=6.27 cm: x = 0.55 m  
 
y [mm] C [-] F [Hz] V [m/s] Tu [-] Txx [s] Txy [s] (Rxy)max [-] 
5 0.001 1.7 1.80 -- 0.01671 0.00066 0.092 
12 0.001 1.6 1.98 -- 0.01790 0.00032 0.100 
19 0.003 4.9 2.63 1.29 0.00502 0.00140 0.174 
26 0.005 7.1 2.32 0.59 0.00313 0.00094 0.228 
33 0.009 13.0 2.55 0.92 0.00261 0.00211 0.352 
40 0.013 16.2 2.51 0.88 0.00309 0.00250 0.342 
47 0.018 22.9 2.59 1.19 0.00345 0.00279 0.337 
54 0.021 27.2 2.39 1.12 0.00275 0.00245 0.332 
61 0.031 35.9 2.47 1.32 0.00371 0.00324 0.354 
68 0.049 50.1 2.16 1.23 0.00425 0.00368 0.381 
75 0.047 48.7 2.23 1.17 0.00335 0.00287 0.332 
82 0.061 56.4 2.08 1.32 0.00461 0.00401 0.363 
89 0.099 75.2 2.00 1.31 0.00504 0.00422 0.417 
95 0.102 74.4 2.14 1.76 0.00626 0.00458 0.368 
101 0.102 72.4 2.08 1.83 0.00511 0.00425 0.368 
107 0.096 66.8 1.86 1.47 0.00462 0.00355 0.318 
113 0.111 69.0 2.00 1.67 0.00598 0.00448 0.359 
119 0.125 67.0 2.03 2.14 0.00686 0.00519 0.363 
125 0.123 65.5 2.00 2.41 0.00627 0.00448 0.315 
131 0.143 59.5 1.82 3.19 0.00866 0.00580 0.325 
137 0.125 60.4 1.78 2.19 0.00781 0.00528 0.333 
143 0.130 52.1 1.63 2.69 0.00968 0.00489 0.279 
149 0.111 51.4 1.82 2.85 0.00759 0.00460 0.269 
155 0.124 48.5 1.93 3.60 0.01094 0.00604 0.301 
161 0.118 40.1 2.00 4.70 0.01175 0.00696 0.327 
167 0.105 41.2 1.95 5.06 0.01089 0.00560 0.252 
173 0.129 37.8 1.35 3.68 0.01364 0.00750 0.328 
179 0.115 31.1 2.11 7.60 0.01549 0.00829 0.332 
185 0.089 26.1 1.48 4.85 0.01326 0.00635 0.263 
191 0.118 27.9 9.88 -- 0.01474 0.00816 0.307 
197 0.153 26.1 -4.05 -- 0.01884 0.01335 0.428 
205 0.125 26.7 2.68 8.08 0.01663 0.01009 0.393 
211 0.139 26.0 6.87 -- 0.01950 0.01221 0.425 
217 0.236 27.4 2.82 -- 0.02388 0.01525 0.517 
223 0.149 23.3 -9.88 -- 0.02201 0.01398 0.430 
229 0.381 27.6 6.32 -- 0.02888 0.02145 0.641 
235 0.290 24.4 2.68 -- 0.02819 0.01926 0.598 
237 0.346 28.9 3.22 -- 0.02947 0.02123 0.642 
242 0.383 30.6 -- -- 0.02854 0.02157 0.636 
247 0.629 23.9 -- -- 0.03087 0.02355 0.695 
252 0.655 21.2 -- -- 0.03065 0.02437 0.687 
257 0.614 21.0 -- -- 0.03242 0.02650 0.736 
263 0.838 14.6 2.63 -- 0.02943 0.02320 0.721 
269 0.740 15.0 4.05 -- 0.03406 0.02644 0.783 
275 0.786 14.4 1.80 -- 0.03139 0.02318 0.734 
281 0.889 9.3 1.95 -- 0.02858 0.02169 0.682 
287 0.954 4.5 1.18 -- 0.02540 0.01740 0.620 
293 0.938 6.6 2.63 -- 0.02393 0.02017 0.661 
300 0.943 5.8 2.39 -- 0.02737 0.01957 0.625 
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307 0.985 2.2 1.34 -- 0.01537 0.01266 0.485 
315 0.990 2.2 1.19 1.53 0.01973 0.00596 0.378 
323 0.993 1.2 -- -- 0.02388 0.00294 0.154 
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Rough bed 1: Fr1 = 4.2; Qw = 0.103 m
3/s; Re1=2.0×10
5; h = 52 mm; d1=6.27 cm: x = 0.80 m  
 
y [mm] C [-] F [Hz] V [m/s] Tu [-] Txx [s] Txy [s] (Rxy)max [-] 
5 0.001 1.0 1.82 0.83 0.00839 0.00505 0.193 
12 0.003 3.0 1.46 0.72 0.00192 0.00104 0.092 
19 0.004 4.1 2.03 0.71 0.00176 0.00080 0.102 
26 0.005 6.1 1.78 0.55 0.00147 0.00082 0.163 
33 0.008 8.9 1.98 0.63 0.00167 0.00110 0.195 
41 0.010 11.4 1.95 0.63 0.00175 0.00111 0.157 
49 0.011 13.5 1.95 0.92 0.00185 0.00135 0.193 
57 0.016 17.8 2.11 0.80 0.00187 0.00147 0.236 
65 0.019 23.4 2.11 0.73 0.00209 0.00156 0.260 
73 0.024 25.4 1.88 0.92 0.00252 0.00170 0.232 
81 0.025 27.5 2.05 1.09 0.00246 0.00191 0.205 
89 0.033 31.6 1.82 1.02 0.00286 0.00197 0.258 
97 0.043 42.0 1.95 0.92 0.00296 0.00236 0.265 
105 0.044 39.6 1.93 1.31 0.00318 0.00209 0.230 
113 0.050 42.3 1.88 1.33 0.00296 0.00218 0.215 
121 0.054 43.9 1.82 1.25 0.00336 0.00228 0.230 
129 0.054 39.7 1.45 1.03 0.00301 0.00199 0.193 
137 0.058 39.9 1.86 1.75 0.00355 0.00258 0.211 
145 0.060 38.4 1.98 2.42 0.00352 0.00258 0.173 
153 0.059 37.2 1.61 1.80 0.00371 0.00256 0.196 
161 0.061 35.5 1.76 2.77 0.00411 0.00289 0.159 
169 0.056 30.7 1.34 1.03 0.00360 0.00169 0.152 
177 0.061 32.7 1.68 2.47 0.00493 0.00267 0.157 
185 0.046 22.9 1.03 2.05 0.00443 0.00259 0.130 
193 0.057 27.6 0.91 2.06 0.00597 0.00319 0.173 
201 0.061 25.3 1.61 4.25 0.00688 0.00398 0.175 
209 0.056 22.7 1.60 5.06 0.00811 0.00424 0.176 
217 0.049 19.3 1.05 0.81 0.00662 0.00378 0.158 
225 0.066 19.6 1.12 0.72 0.01135 0.00565 0.229 
233 0.061 20.1 0.96 0.78 0.01204 0.00578 0.233 
235 0.054 19.5 -- -- 0.01033 0.00604 0.208 
236 0.060 19.1 1.05 2.96 0.00687 0.00413 0.191 
243 0.058 18.0 1.44 0.68 0.01040 0.00515 0.217 
251 0.070 18.2 -7.52 -- 0.01555 0.01094 0.313 
259 0.087 17.6 3.59 -- 0.01790 0.01220 0.370 
267 0.095 16.3 1.58 -- 0.01884 0.01230 0.418 
275 0.221 18.5 1.84 -- 0.03144 0.02257 0.681 
281 0.289 19.0 1.13 -- 0.03344 0.02242 0.733 
287 0.535 17.3 1.24 -- 0.03529 0.02389 0.774 
293 0.512 18.8 0.70 -- 0.03539 0.02093 0.774 
299 0.698 13.0 1.16 -- 0.03537 0.02374 0.780 
305 0.789 12.7 1.05 -- 0.03386 0.02233 0.746 
311 0.768 11.3 1.01 -- 0.03594 0.02434 0.816 
317 0.897 4.8 0.78 -- 0.03259 0.02055 0.758 
323 0.944 4.1 1.14 -- 0.02903 0.01885 0.696 
329 0.951 3.5 1.10 -- 0.03048 0.01723 0.598 
337 0.969 2.5 1.07 -- 0.02968 0.00771 0.307 
347 0.984 2.0 1.05 1.82 0.01532 0.00820 0.421 
357 0.998 0.2 0.99 0.85 0.01640 0.00588 0.245 
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Rough bed 1: Fr1 = 4.2; Qw = 0.103 m
3/s; Re1=2.0×10
5; h = 52 mm; d1=6.27 cm: x = 1.05 m  
 
y [mm] C [-] F [Hz] V [m/s] Tu [-] Txx [s] Txy [s] (Rxy)max [-] 
5 0.001 0.9 1.27 0.83 0.00811 0.00622 0.193 
13 0.003 2.5 1.13 0.47 0.00369 0.00215 0.092 
21 0.004 3.4 1.34 0.26 0.00157 0.00085 0.102 
29 0.006 4.8 1.56 0.64 0.00158 0.00077 0.163 
37 0.007 5.6 1.20 0.82 0.00200 0.00088 0.195 
45 0.009 7.3 1.40 0.54 0.00150 0.00069 0.157 
53 0.009 9.3 1.58 0.41 0.00125 0.00067 0.193 
61 0.012 9.8 1.72 0.49 0.00147 0.00068 0.236 
69 0.013 11.1 1.70 0.77 0.00154 0.00099 0.260 
77 0.015 13.4 1.68 0.57 0.00167 0.00087 0.232 
85 0.018 14.6 1.53 0.60 0.00210 0.00116 0.205 
93 0.018 15.5 1.58 0.65 0.00198 0.00082 0.258 
101 0.021 16.9 1.49 0.41 0.00202 0.00100 0.265 
109 0.021 17.2 1.53 0.76 0.00200 0.00103 0.230 
117 0.027 21.8 1.50 0.85 0.00202 0.00113 0.215 
125 0.028 21.1 1.52 1.10 0.00264 0.00157 0.230 
133 0.028 21.5 1.44 0.40 0.00230 0.00103 0.193 
141 0.033 23.2 1.66 1.39 0.00260 0.00145 0.211 
149 0.037 25.9 1.52 1.34 0.00278 0.00156 0.173 
157 0.032 20.5 1.48 1.33 0.00294 0.00130 0.196 
165 0.034 20.2 1.22 1.23 0.00361 0.00174 0.159 
173 0.038 20.4 1.15 1.32 0.00371 0.00195 0.152 
181 0.038 17.8 1.09 1.91 0.00429 0.00228 0.157 
189 0.037 19.1 1.17 1.56 0.00441 0.00310 0.130 
197 0.038 18.6 1.28 2.62 0.00456 0.00279 0.173 
205 0.039 18.1 1.22 3.56 0.00515 0.00316 0.175 
213 0.041 17.8 0.90 2.02 0.00514 0.00247 0.176 
221 0.037 14.9 0.89 2.64 0.00637 0.00354 0.158 
229 0.036 14.2 0.70 1.60 0.00600 0.00281 0.229 
235 0.040 14.0 1.32 0.78 0.00714 0.00413 0.233 
236 0.040 13.2 0.66 1.98 0.00677 0.00269 0.208 
243 0.038 13.7 1.16 2.46 0.00692 0.00339 0.191 
251 0.044 13.7 0.73 0.82 0.00787 0.00396 0.217 
259 0.039 12.3 0.73 0.82 0.00776 0.00375 0.313 
267 0.029 8.9 0.65 0.82 0.01090 0.00353 0.370 
275 0.038 10.3 1.03 0.75 0.01340 0.00761 0.418 
283 0.060 12.5 0.84 0.63 0.01722 0.00897 0.681 
291 0.103 12.8 1.07 -- 0.02478 0.01542 0.733 
299 0.170 13.7 1.22 -- 0.02795 0.01805 0.774 
307 0.432 16.9 1.01 -- 0.03493 0.02314 0.774 
315 0.534 13.7 0.83 -- 0.03718 0.02363 0.780 
323 0.737 10.7 0.93 -- 0.03260 0.02175 0.746 
331 0.903 5.7 0.71 -- 0.03407 0.02202 0.816 
339 0.948 3.5 0.87 -- 0.02532 0.01764 0.758 
347 0.983 1.9 0.92 -- 0.02460 0.01708 0.696 
355 0.990 0.9 1.12 2.11 0.02091 0.00755 0.598 
365 1.000 0.0 0.20 0.85 0.02248 0.00001 0.307 
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Rough bed 1: Fr1 = 4.3; Qw = 0.071 m
3/s; Re1=1.4×10
5; h = 36 mm; d1=4.8 cm: x = -0.15 m 
(upstream of hydraulic jump) 
 
y [mm] C [-] F [Hz] V [m/s] Tu [-] Txx [s] Txy [s] (Rxy)max [-] 
5 0.000 0.6 3.04 0.29 0.00023 0.00011 0.087 
8 0.000 0.7 3.22 0.19 0.00031 0.00016 0.051 
11 0.000 0.5 2.82 0.14 0.00025 0.00011 0.105 
14 0.001 1.4 3.04 0.36 0.00053 0.00032 0.209 
17 0.002 2.7 2.98 0.31 0.00062 0.00042 0.290 
20 0.003 3.5 2.98 0.20 0.00067 0.00045 0.403 
23 0.003 3.2 3.16 0.31 0.00081 0.00052 0.333 
26 0.005 5.3 3.16 0.23 0.00092 0.00072 0.485 
29 0.005 5.8 2.98 0.27 0.00143 0.00076 0.468 
32 0.008 7.6 3.16 0.28 0.00157 0.00135 0.562 
35 0.010 7.9 3.10 0.36 0.00241 0.00222 0.655 
37 0.020 12.8 3.10 0.47 0.00239 0.00222 0.700 
39 0.041 22.3 3.16 0.59 0.00366 0.00333 0.759 
41 0.094 35.1 3.22 0.82 0.00648 0.00575 0.820 
43 0.138 41.0 3.22 0.93 0.00735 0.00668 0.857 
45 0.250 59.9 3.16 0.87 0.00617 0.00618 0.876 
47 0.381 68.3 3.22 1.13 0.00742 0.00759 0.885 
49 0.555 66.6 3.22 1.18 0.00899 0.00862 0.902 
51 0.682 61.3 3.29 1.18 0.00863 0.00827 0.903 
53 0.799 49.5 3.16 1.00 0.00651 0.00702 0.898 
55 0.884 29.6 3.16 0.91 0.00652 0.00660 0.906 
57 0.926 23.4 3.29 1.05 0.00654 0.00703 0.882 
60 0.976 8.5 3.22 0.66 0.00561 0.00611 0.880 
63 0.986 5.1 3.22 0.58 0.00617 0.00620 0.885 
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Rough bed 1: Fr1 = 4.3; Qw = 0.071 m
3/s; Re1=1.4×10
5; h = 36 mm; d1=4.8 cm: x = 0.09 m  
 
y [mm] C [-] F [Hz] V [m/s] Tu [-] Txx [s] Txy [s] (Rxy)max [-] 
5 0.000 0.1 2.32 0.85 0.01948 0.01255 0.492 
13 0.001 0.7 2.29 0.66 0.00055 0.00034 0.134 
19 0.001 1.8 2.63 0.19 0.00056 0.00046 0.295 
25 0.002 3.2 2.98 0.51 0.00105 0.00098 0.359 
31 0.009 8.8 2.82 1.00 0.00272 0.00288 0.478 
36 0.020 17.8 2.82 1.43 0.00393 0.00391 0.575 
40 0.039 32.7 2.55 1.42 0.00459 0.00470 0.590 
44 0.051 34.3 2.63 1.42 0.00516 0.00512 0.639 
47 0.089 53.9 2.77 1.55 0.00549 0.00564 0.678 
50 0.132 73.8 2.63 1.59 0.00548 0.00546 0.649 
52 0.172 82.6 2.68 1.63 0.00547 0.00548 0.671 
54 0.202 93.9 2.59 1.57 0.00549 0.00546 0.660 
56 0.249 101.1 2.51 1.68 0.00592 0.00611 0.642 
58 0.332 109.8 2.55 1.81 0.00633 0.00611 0.622 
59 0.313 116.0 2.47 1.69 0.00593 0.00572 0.614 
60 0.442 113.2 2.55 1.80 0.00633 0.00589 0.610 
61 0.432 106.0 2.47 2.11 0.00753 0.00679 0.597 
62 0.455 106.7 2.43 2.23 0.00786 0.00720 0.584 
63 0.518 100.4 2.36 2.12 0.00835 0.00736 0.577 
64 0.516 99.1 2.36 2.39 0.00881 0.00775 0.558 
65 0.491 102.3 2.32 2.36 0.00897 0.00754 0.546 
66 0.482 102.0 2.29 2.24 0.00870 0.00738 0.538 
67 0.481 96.9 2.14 2.72 0.01005 0.00831 0.514 
68 0.488 87.2 2.23 2.92 0.01065 0.00882 0.524 
69 0.505 76.4 2.14 3.19 0.01206 0.00891 0.500 
70 0.493 78.7 2.36 3.98 0.01201 0.00972 0.511 
71 0.397 98.5 2.11 2.56 0.00883 0.00764 0.500 
72 0.450 83.1 1.98 2.86 0.01114 0.00916 0.509 
73 0.443 76.8 2.16 3.45 0.01203 0.00921 0.499 
75 0.462 71.2 2.19 4.94 0.01414 0.01050 0.486 
77 0.439 67.0 1.98 4.51 0.01463 0.01061 0.479 
79 0.458 64.4 2.08 5.79 0.01615 0.01135 0.486 
81 0.433 65.4 3.51 8.34 0.01439 0.00999 0.430 
83 0.411 57.7 3.22 9.96 0.01788 0.01283 0.495 
85 0.395 59.9 2.82 7.26 0.01517 0.01089 0.455 
87 0.415 56.1 2.82 8.78 0.01655 0.01119 0.437 
89 0.566 47.3 2.59 -- 0.01920 0.01351 0.481 
91 0.391 53.0 -2.87 9.82 0.01570 0.01305 0.436 
93 0.383 52.0 4.65 -- 0.01730 0.01207 0.445 
95 0.412 52.4 -1.32 5.37 0.01715 0.01572 0.465 
97 0.383 50.9 7.18 -- 0.01636 0.01203 0.425 
99 0.442 52.3 -2.39 9.46 0.01702 0.01420 0.435 
101 0.536 50.4 -1.56 -- 0.01902 0.01700 0.464 
103 0.519 48.2 -1.60 -- 0.01944 0.01630 0.466 
105 0.661 43.2 -2.51 -- 0.01915 0.01534 0.463 
107 0.648 43.2 -- -- 0.01974 0.01586 0.509 
109 0.543 52.2 -1.18 5.19 0.01837 0.01599 0.446 
111 0.706 36.7 -2.55 -- 0.02058 0.01706 0.510 
113 0.696 40.3 -2.26 -- 0.02022 0.01840 0.524 
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115 0.573 45.2 -1.80 -- 0.01905 0.01715 0.484 
117 0.858 19.4 -3.43 -- 0.02117 0.01645 0.483 
119 0.700 35.0 -2.08 -- 0.02082 0.01803 0.522 
121 0.743 32.0 -- -- 0.02155 0.01503 0.495 
123 0.795 25.3 -- -- 0.02139 0.01740 0.515 
125 0.802 25.8 -2.59 -- 0.02173 0.01834 0.514 
127 0.839 21.6 -3.51 -- 0.02147 0.01756 0.512 
129 0.741 32.7 -2.93 -- 0.02150 0.01700 0.502 
131 0.828 24.3 -1.41 -- 0.02170 0.01888 0.517 
133 0.858 19.2 -2.51 -- 0.01944 0.01755 0.509 
135 0.911 12.6 2.55 -- 0.01837 0.01362 0.451 
137 0.902 12.4 -2.08 -- 0.02039 0.01662 0.482 
140 0.957 7.2 -- -- 0.01671 0.01206 0.416 
143 0.971 4.9 -1.08 4.98 0.01521 0.01292 0.357 
146 0.964 5.8 0.56 0.63 0.01618 0.00711 0.362 
150 0.961 5.4 -1.16 5.14 0.01775 0.01735 0.486 
154 0.963 5.9 0.77 0.22 0.01784 0.00994 0.426 
159 0.982 2.9 1.26 3.01 0.01319 0.00706 0.355 
164 0.985 2.2 1.06 2.08 0.01476 0.00836 0.401 
170 0.983 2.8 0.97 3.06 0.01742 0.00849 0.399 
176 0.982 2.8 3.59 -- 0.01229 0.01065 0.391 
182 0.994 1.2 -0.89 3.10 0.01661 0.00721 0.245 
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Rough bed 1: Fr1 = 4.3; Qw = 0.071 m
3/s; Re1=1.4×10
5; h = 36 mm; d1=4.8 cm: x = 0.15 m  
 
y [mm] C [-] F [Hz] V [m/s] Tu [-] Txx [s] Txy [s] (Rxy)max [-] 
5 0.000 0.3 6.58 0.85 0.00211 0.00181 0.082 
10 0.000 0.8 2.68 0.09 0.00097 0.00005 0.098 
15 0.001 1.6 2.77 0.30 0.00066 0.00043 0.212 
20 0.002 3.0 2.77 0.34 0.00140 0.00133 0.417 
25 0.004 4.7 2.51 0.40 0.00142 0.00124 0.364 
30 0.015 16.4 2.72 1.24 0.00369 0.00322 0.500 
35 0.024 19.7 2.68 1.46 0.00483 0.00445 0.583 
40 0.054 43.3 2.39 1.60 0.00492 0.00473 0.555 
44 0.078 52.7 2.59 1.71 0.00533 0.00539 0.606 
48 0.119 73.5 2.39 1.66 0.00531 0.00516 0.584 
51 0.175 87.2 2.55 1.84 0.00573 0.00582 0.645 
54 0.238 102.9 2.55 1.68 0.00524 0.00510 0.594 
57 0.274 110.4 2.43 1.85 0.00582 0.00559 0.591 
60 0.314 111.5 2.32 1.97 0.00623 0.00594 0.548 
63 0.309 111.2 2.26 1.99 0.00648 0.00584 0.528 
66 0.308 107.8 2.08 2.00 0.00684 0.00642 0.511 
69 0.384 92.5 2.03 2.42 0.00980 0.00773 0.513 
72 0.401 87.9 2.08 3.28 0.01200 0.00914 0.497 
75 0.372 78.7 1.86 2.82 0.01128 0.00825 0.479 
78 0.381 71.8 2.08 3.34 0.01277 0.00855 0.464 
81 0.349 63.8 2.29 4.43 0.01435 0.00974 0.471 
84 0.341 54.7 2.98 6.34 0.01475 0.01032 0.460 
87 0.308 53.9 2.08 5.02 0.01506 0.01001 0.436 
90 0.376 49.6 -1.66 6.25 0.01775 0.01491 0.461 
93 0.395 47.6 -- -- 0.01808 0.01283 0.462 
97 0.302 45.0 -2.63 8.54 0.01594 0.01306 0.439 
101 0.308 42.3 -2.16 9.41 0.01893 0.01548 0.467 
105 0.305 42.2 -2.51 8.31 0.01799 0.01379 0.458 
109 0.290 43.4 -2.55 8.40 0.01683 0.01259 0.433 
113 0.355 43.9 -1.31 5.12 0.01976 0.01579 0.467 
117 0.388 46.6 -1.88 7.63 0.01904 0.01490 0.461 
121 0.478 47.9 -1.25 5.76 0.01961 0.01615 0.457 
125 0.502 42.8 -3.10 -- 0.02078 0.01657 0.511 
129 0.554 38.2 -- -- 0.02300 0.01850 0.546 
133 0.652 31.5 -1.66 -- 0.02315 0.01950 0.553 
137 0.706 30.4 -3.16 -- 0.02265 0.01904 0.569 
141 0.670 29.7 -1.60 -- 0.02374 0.02127 0.571 
145 0.854 16.4 -9.88 -- 0.02487 0.01883 0.537 
150 0.812 20.0 4.79 -- 0.02347 0.01768 0.569 
155 0.868 14.3 -1.82 -- 0.02385 0.02021 0.565 
160 0.896 13.6 -6.87 -- 0.02122 0.01735 0.530 
165 0.944 7.0 -5.64 -- 0.02143 0.01599 0.501 
172 0.950 6.3 7.90 -- 0.02270 0.01816 0.548 
179 0.977 3.7 2.05 7.61 0.01417 0.00968 0.363 
186 0.985 2.5 -0.79 3.86 0.01568 0.01799 0.432 
193 0.975 2.5 8.32 -- 0.01757 0.01359 0.518 
201 0.987 1.8 2.08 -- 0.02007 0.01056 0.359 
209 0.996 0.8 1.13 0.55 0.01442 0.00708 0.287 
217 0.999 0.2 2.39 5.66 0.02269 0.00227 0.114 
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Rough bed 1: Fr1 = 4.3; Qw = 0.071 m
3/s; Re1=1.4×10
5; h = 36 mm; d1=4.8 cm: x = 0.27 m  
 
y [mm] C [-] F [Hz] V [m/s] Tu [-] Txx [s] Txy [s] (Rxy)max [-] 
5 0.001 1.1   1.30 0.00066 0.00023 0.071 
10 0.001 1.9 2.87 0.62 0.00079 0.00056 0.086 
15 0.002 2.8 2.00 0.26 0.00122 0.00080 0.179 
20 0.004 5.9 2.08 0.55 0.00151 0.00100 0.224 
25 0.008 9.5 2.43 1.00 0.00300 0.00262 0.395 
30 0.014 16.0 2.23 0.95 0.00265 0.00285 0.426 
35 0.025 25.2 2.23 1.33 0.00418 0.00385 0.417 
40 0.032 31.7 2.29 1.23 0.00342 0.00332 0.432 
45 0.062 49.3 2.43 1.82 0.00498 0.00494 0.528 
49 0.071 55.5 2.19 1.46 0.00433 0.00383 0.451 
53 0.111 70.4 2.26 1.60 0.00530 0.00539 0.549 
57 0.122 80.1 2.29 1.69 0.00497 0.00503 0.487 
61 0.137 84.2 2.23 1.84 0.00541 0.00517 0.473 
65 0.133 78.7 2.08 1.74 0.00539 0.00485 0.433 
69 0.138 81.1 2.05 1.65 0.00572 0.00484 0.388 
73 0.183 91.6 2.05 2.27 0.00628 0.00591 0.435 
77 0.214 93.6 1.90 2.21 0.00655 0.00603 0.432 
81 0.227 86.2 2.03 2.60 0.00840 0.00722 0.447 
85 0.229 82.6 1.86 2.50 0.00815 0.00718 0.425 
89 0.233 78.1 1.88 2.91 0.00937 0.00714 0.409 
93 0.265 65.3 2.08 4.04 0.01192 0.00901 0.451 
97 0.261 55.2 1.90 3.99 0.01220 0.00897 0.427 
101 0.240 55.1 1.98 4.30 0.01345 0.01000 0.456 
105 0.218 52.8 1.33 2.77 0.01257 0.00823 0.394 
110 0.201 45.1 1.74 4.17 0.01284 0.00832 0.366 
115 0.195 38.9 2.16 7.31 0.01702 0.01191 0.456 
120 0.209 36.8 7.90 -- 0.01577 0.01037 0.399 
125 0.181 35.3 -1.31 4.89 0.01501 0.01242 0.376 
130 0.204 36.8 -- -- 0.01631 0.01194 0.416 
135 0.284 41.7 -2.23 9.81 0.01790 0.01416 0.433 
140 0.269 37.2 -1.49 6.74 0.01827 0.01510 0.451 
145 0.250 37.0 -1.42 -- 0.01980 0.01762 0.478 
150 0.368 38.1 -1.45 -- 0.02403 0.02076 0.564 
155 0.467 38.7 -1.65 -- 0.02435 0.02101 0.573 
160 0.651 31.1 -3.85 -- 0.02633 0.02086 0.588 
165 0.681 29.1 -- -- 0.02594 0.02141 0.599 
170 0.707 26.4 -- -- 0.02807 0.02261 0.632 
175 0.676 27.0 -1.82 -- 0.02813 0.02482 0.644 
180 0.834 17.5 7.52 -- 0.02703 0.02167 0.654 
185 0.925 9.2 2.98 -- 0.02358 0.01848 0.588 
190 0.929 8.3 -- -- 0.02230 0.01808 0.509 
195 0.968 4.2 1.95 -- 0.01993 0.01522 0.545 
203 0.967 4.4 -1.66 -- 0.02027 0.01772 0.479 
211 0.968 4.0 2.00 -- 0.01868 0.01439 0.527 
219 0.983 2.5 1.24 4.10 0.01792 0.01241 0.471 
227 0.995 0.9 0.91 -- 0.02639 0.00565 0.284 
235 0.993 0.9 0.81 0.41 0.01928 0.00769 0.300 
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Rough bed 1: Fr1 = 4.3; Qw = 0.071 m
3/s; Re1=1.4×10
5; h = 36 mm; d1=4.8 cm: x = 0.42 m  
 
y [mm] C [-] F [Hz] V [m/s] Tu [-] Txx [s] Txy [s] (Rxy)max [-] 
5 0.001 1.4 0.88 0.21 0.00090 0.00026 0.073 
11 0.002 2.7 2.00 0.70 0.00078 0.00032 0.090 
17 0.004 4.6 1.95 0.41 0.00099 0.00070 0.185 
23 0.006 7.5 2.05 0.78 0.00125 0.00119 0.232 
29 0.012 12.4 1.82 0.72 0.00272 0.00179 0.269 
35 0.019 20.3 2.03 0.97 0.00267 0.00202 0.297 
40 0.023 24.7 2.05 0.92 0.00263 0.00212 0.276 
45 0.026 25.2 1.95 1.17 0.00254 0.00224 0.273 
50 0.032 28.0 1.90 1.13 0.00295 0.00215 0.212 
55 0.042 37.7 2.03 1.09 0.00304 0.00237 0.305 
60 0.050 40.8 1.93 1.26 0.00310 0.00210 0.263 
65 0.065 53.9 2.08 1.20 0.00305 0.00243 0.273 
70 0.074 53.8 1.90 1.38 0.00398 0.00296 0.285 
75 0.055 43.3 1.72 1.02 0.00230 0.00152 0.192 
80 0.080 52.3 1.63 1.58 0.00389 0.00269 0.241 
85 0.096 57.2 1.66 1.54 0.00476 0.00326 0.281 
90 0.124 64.0 1.61 1.76 0.00540 0.00422 0.298 
94 0.108 54.1 1.68 2.02 0.00504 0.00353 0.257 
98 0.109 56.0 1.56 1.98 0.00503 0.00321 0.219 
102 0.123 56.3 1.80 2.35 0.00605 0.00366 0.238 
106 0.104 48.0 1.55 1.99 0.00585 0.00376 0.235 
110 0.107 44.0 1.31 2.02 0.00574 0.00350 0.218 
114 0.119 45.8 1.98 3.02 0.00631 0.00364 0.218 
118 0.127 48.6 1.53 2.40 0.00708 0.00473 0.263 
122 0.105 39.9 2.36 5.65 0.00716 0.00403 0.186 
126 0.107 38.9 1.25 2.11 0.00715 0.00387 0.202 
130 0.105 34.9 2.32 6.11 0.00664 0.00480 0.200 
135 0.103 27.1 2.23 5.34 0.01088 0.00628 0.274 
140 0.092 27.8 1.65 3.87 0.00922 0.00482 0.214 
145 0.084 26.8 1.14 2.33 0.00755 0.00360 0.182 
150 0.082 23.0 -1.61 5.25 0.00959 0.00598 0.213 
155 0.096 26.8 4.16 -- 0.00862 0.00509 0.213 
160 0.094 23.5 -- -- 0.01144 0.00681 0.254 
165 0.093 21.2 -1.34 5.02 0.01282 0.00853 0.255 
170 0.120 21.9 -2.05 -- 0.01868 0.01165 0.317 
175 0.172 25.5 5.64 -- 0.02069 0.01413 0.430 
180 0.242 26.4 -- -- 0.02614 0.01841 0.538 
185 0.405 28.2 2.05 -- 0.03045 0.02049 0.630 
190 0.463 26.8 -- -- 0.03009 0.02242 0.631 
195 0.702 22.5 2.14 -- 0.03062 0.02218 0.677 
200 0.688 17.7 2.00 -- 0.03253 0.02379 0.716 
205 0.725 15.2 0.87 -- 0.03266 0.02022 0.704 
211 0.765 16.2 1.25 -- 0.03218 0.02194 0.706 
217 0.907 7.2 1.50 -- 0.03015 0.02196 0.703 
223 0.937 6.7 1.24 -- 0.02665 0.01988 0.672 
229 0.967 3.7 1.28 -- 0.02521 0.01439 0.512 
235 0.988 1.8 2.98 -- 0.02139 0.01940 0.597 
240 0.984 2.1 1.03 -- 0.01970 0.01165 0.475 
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Rough bed 1: Fr1 = 4.3; Qw = 0.071 m
3/s; Re1=1.4×10
5; h = 36 mm; d1=4.8 cm: x = 0.61 m  
 
y [mm] C [-] F [Hz] V [m/s] Tu [-] Txx [s] Txy [s] (Rxy)max [-] 
5 0.002 1.4 1.44 0.09 0.00148 0.00008 0.037 
12 0.004 3.3 1.20 0.34 0.00107 0.00035 0.085 
19 0.006 4.5 0.95 0.33 0.00145 0.00043 0.051 
26 0.006 5.6 1.30 0.28 0.00125 0.00071 0.106 
33 0.007 6.8 1.56 0.44 0.00102 0.00062 0.108 
40 0.008 8.6 1.65 0.40 0.00127 0.00070 0.108 
47 0.014 13.0 1.46 0.78 0.00204 0.00152 0.181 
53 0.015 13.6 1.63 0.86 0.00162 0.00122 0.198 
59 0.019 18.1 1.44 0.71 0.00181 0.00135 0.178 
65 0.021 18.4 1.70 0.66 0.00173 0.00133 0.187 
71 0.024 20.1 1.52 0.67 0.00227 0.00122 0.156 
77 0.028 22.9 1.65 0.94 0.00223 0.00153 0.177 
83 0.034 27.1 1.66 1.11 0.00234 0.00153 0.167 
89 0.040 28.9 1.34 0.78 0.00273 0.00161 0.183 
95 0.044 28.4 1.44 1.50 0.00311 0.00242 0.176 
101 0.051 32.0 1.42 1.14 0.00262 0.00140 0.151 
107 0.050 30.3 1.39 1.25 0.00303 0.00188 0.169 
113 0.052 30.3 1.30 0.89 0.00337 0.00155 0.156 
119 0.054 28.6 1.15 1.07 0.00359 0.00175 0.160 
125 0.065 31.4 1.22 2.17 0.00471 0.00263 0.155 
131 0.056 28.3 1.39 1.12 0.00345 0.00136 0.132 
137 0.053 23.1 1.01 1.47 0.00386 0.00186 0.123 
143 0.063 26.2 1.20 1.23 0.00488 0.00188 0.138 
149 0.063 23.5 1.72 2.61 0.00501 0.00191 0.122 
155 0.059 22.2 0.71 1.05 0.00497 0.00191 0.134 
161 0.064 22.8 1.25 2.69 0.00510 0.00227 0.135 
167 0.054 19.4 1.55 3.58 0.00542 0.00271 0.133 
173 0.051 16.9 0.92 1.83 0.00565 0.00293 0.165 
179 0.052 16.0 1.14 3.84 0.00656 0.00271 0.116 
185 0.051 16.0 1.12 3.24 0.00439 0.00255 0.111 
191 0.057 16.0 2.32 8.81 0.00799 0.00331 0.123 
197 0.056 14.5 1.21 0.74 0.00839 0.00321 0.152 
203 0.101 15.4 0.95 -- 0.02126 0.00952 0.358 
209 0.077 12.3 -- -- 0.01987 0.01174 0.351 
215 0.159 16.1 1.49 -- 0.02402 0.01524 0.490 
221 0.146 14.1 2.05 -- 0.02486 0.01464 0.448 
227 0.398 16.3 0.75 -- 0.03516 0.02067 0.737 
233 0.629 13.0 0.86 -- 0.03635 0.02303 0.789 
239 0.701 10.7 0.82 -- 0.03603 0.02244 0.789 
240 0.719 12.6 0.83 -- 0.03449 0.02228 0.770 
245 0.839 8.0 0.86 -- 0.03439 0.02253 0.775 
251 0.918 5.7 0.99 -- 0.02995 0.02144 0.744 
257 0.946 4.4 0.86 -- 0.02723 0.01965 0.747 
263 0.981 2.0 0.61 -- 0.02551 0.01425 0.614 
271 0.990 1.0 1.22 -- 0.03008 0.00891 0.349 
279 0.995 0.2 1.05 -- 0.02914 0.01028 0.394 
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Rough bed 1: Fr1 = 4.3; Qw = 0.071 m
3/s; Re1=1.4×10
5; h = 36 mm; d1=4.8 cm: x = 0.81 m  
 
y [mm] C [-] F [Hz] V [m/s] Tu [-] Txx [s] Txy [s] (Rxy)max [-] 
5 0.002 1.0 1.35 0.12 0.00126 0.00016 0.064 
15 0.003 2.3 1.23 0.38 0.00119 0.00010 0.029 
25 0.004 2.6 1.37 0.29 0.00124 0.00036 0.072 
35 0.006 3.4 1.00 0.42 0.00152 0.00043 0.098 
45 0.007 4.5 1.34 0.97 0.00129 0.00079 0.083 
55 0.009 6.5 1.30 0.25 0.00156 0.00064 0.132 
65 0.010 7.1 1.55 0.89 0.00141 0.00062 0.086 
75 0.012 9.4 1.36 0.27 0.00124 0.00055 0.109 
85 0.014 9.6 1.50 0.80 0.00184 0.00082 0.093 
95 0.018 11.3 1.26 0.68 0.00170 0.00076 0.089 
105 0.019 11.9 1.44 1.13 0.00179 0.00075 0.079 
115 0.019 10.8 1.19 0.33 0.00169 0.00041 0.078 
125 0.025 13.9 1.26 1.07 0.00221 0.00103 0.094 
132 0.025 13.4 0.98 0.44 0.00249 0.00073 0.108 
139 0.032 16.0 1.22 1.07 0.00290 0.00120 0.121 
146 0.030 14.6 0.86 0.50 0.00311 0.00076 0.102 
153 0.032 14.2 1.18 1.07 0.00271 0.00094 0.093 
160 0.035 15.3 0.95 0.60 0.00360 0.00126 0.109 
167 0.037 13.8 0.55 0.38 0.00428 0.00111 0.115 
174 0.032 12.4 0.90 0.47 0.00368 0.00122 0.109 
181 0.037 12.7 0.76 0.76 0.00440 0.00121 0.086 
188 0.039 13.2 0.90 2.77 0.00551 0.00156 0.076 
195 0.039 11.0 0.42 0.45 0.00623 0.00131 0.114 
202 0.034 10.0 0.70 0.55 0.00498 0.00086 0.092 
209 0.042 11.7 0.72 1.57 0.00598 0.00199 0.118 
216 0.050 11.6 0.83 2.26 0.00874 0.00423 0.188 
223 0.052 10.6 0.46 0.82 0.01300 0.00465 0.244 
230 0.117 12.8 0.93 -- 0.02261 0.01336 0.484 
237 0.185 13.9 0.66 -- 0.03008 0.01597 0.619 
238 0.202 14.3 0.64 -- 0.02859 0.01531 0.611 
245 0.350 15.7 0.83 -- 0.03196 0.02009 0.718 
252 0.601 13.5 0.73 -- 0.03422 0.02116 0.784 
259 0.844 9.5 0.76 -- 0.03145 0.02045 0.774 
266 0.936 6.3 1.02 -- 0.02557 0.01951 0.695 
273 0.981 2.0 0.89 -- 0.01975 0.01623 0.667 
281 0.991 1.2 0.64 -- 0.02354 0.01107 0.480 
289 0.995 0.4 0.73 1.73 0.01600 0.00850 0.429 
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Rough bed 1: Fr1 = 4.6; Qw = 0.045 m
3/s; Re1=9.0×10
4; h = 20 mm; d1=3.4 cm: x = -0.15 m 
(upstream of hydraulic jump) 
 
y [mm] C [-] F [Hz] V [m/s] Tu [-] Txx [s] Txy [s] (Rxy)max [-] 
5 0.002 3.4 2.51 0.65 0.00054 0.00023 0.090 
7 0.002 4.3 2.59 0.48 0.00055 0.00026 0.112 
9 0.003 4.5 2.51 0.45 0.00068 0.00050 0.206 
11 0.004 5.4 2.68 0.44 0.00078 0.00045 0.227 
13 0.004 6.1 2.63 0.23 0.00069 0.00034 0.278 
15 0.006 8.8 2.82 0.41 0.00090 0.00065 0.336 
17 0.009 11.6 2.87 0.36 0.00101 0.00103 0.409 
19 0.011 13.3 2.82 0.29 0.00112 0.00087 0.443 
21 0.013 14.6 2.87 0.30 0.00109 0.00090 0.477 
23 0.018 18.6 2.93 0.33 0.00150 0.00125 0.520 
25 0.030 26.8 2.98 0.40 0.00198 0.00159 0.589 
27 0.055 39.7 3.10 0.47 0.00240 0.00225 0.688 
29 0.104 60.0 3.10 0.56 0.00302 0.00292 0.750 
31 0.196 79.8 3.16 0.69 0.00374 0.00343 0.808 
33 0.337 100.7 3.16 0.71 0.00368 0.00371 0.839 
35 0.541 103.5 3.16 0.75 0.00385 0.00409 0.861 
37 0.681 88.4 3.16 0.77 0.00449 0.00459 0.865 
39 0.813 65.9 3.16 0.69 0.00339 0.00376 0.863 
41 0.902 39.6 3.16 0.69 0.00347 0.00399 0.855 
43 0.953 22.0 3.16 0.59 0.00333 0.00374 0.844 
45 0.977 12.2 3.10 0.50 0.00295 0.00378 0.827 
47 0.989 6.1 3.04 0.44 0.00333 0.00327 0.844 
49 0.995 3.3 3.04 0.34 0.00298 0.00288 0.803 
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Rough bed 1: Fr1 = 4.6; Qw = 0.045 m
3/s; Re1=9.0×10
4; h = 20 mm; d1=3.4 cm: x = 0.11 m 
 
y [mm] C [-] F [Hz] V [m/s] Tu [-] Txx [s] Txy [s] (Rxy)max [-] 
5 0.001 1.9 2.14 0.38 0.00090 0.00051 0.127 
11 0.003 4.6 2.19 0.35 0.00094 0.00065 0.223 
17 0.009 10.9 2.51 0.93 0.00236 0.00235 0.404 
23 0.022 21.9 2.32 1.23 0.00348 0.00361 0.476 
28 0.054 40.5 2.47 1.59 0.00447 0.00455 0.563 
32 0.096 60.3 2.43 1.55 0.00493 0.00501 0.606 
36 0.164 86.9 2.39 1.66 0.00509 0.00513 0.583 
39 0.221 103.3 2.39 1.72 0.00556 0.00567 0.568 
42 0.285 115.7 2.16 1.65 0.00521 0.00497 0.525 
45 0.400 113.9 2.14 2.00 0.00686 0.00650 0.518 
48 0.419 95.9 2.00 2.13 0.00819 0.00662 0.471 
51 0.421 83.0 1.95 2.92 0.01071 0.00829 0.474 
54 0.396 76.6 1.72 3.04 0.01221 0.00902 0.469 
57 0.392 62.9 1.86 4.13 0.01388 0.00969 0.451 
60 0.384 51.6 2.63 8.04 0.01635 0.01113 0.445 
63 0.360 51.1 3.22 8.47 0.01591 0.01034 0.415 
66 0.364 50.4 6.08 -- 0.01558 0.01088 0.414 
69 0.364 49.1 -1.28 5.84 0.01739 0.01515 0.416 
72 0.376 49.7 -1.24 5.17 0.01653 0.01420 0.419 
75 0.348 50.0 -2.05 8.89 0.01608 0.01338 0.415 
78 0.382 50.7 -1.22 5.04 0.01667 0.01390 0.415 
81 0.411 51.8 -1.10 4.59 0.01606 0.01415 0.412 
84 0.449 51.8 -1.04 4.86 0.01779 0.01588 0.438 
87 0.514 49.7 -1.56 6.74 0.01914 0.01563 0.460 
90 0.470 48.5 -0.95 -- 0.01917 0.01731 0.441 
93 0.589 45.8 -2.39 -- 0.02013 0.01583 0.460 
96 0.627 41.6 -1.07 -- 0.02167 0.01944 0.499 
99 0.674 35.2 -1.55 -- 0.02288 0.02013 0.528 
102 0.760 28.7 -1.98 -- 0.02282 0.01941 0.514 
105 0.791 25.4 -1.88 -- 0.02272 0.01906 0.524 
108 0.836 20.3 -2.98 -- 0.02540 0.02135 0.578 
111 0.913 10.9 -2.29 -- 0.02337 0.01992 0.539 
115 0.899 12.3 -2.87 -- 0.02461 0.02062 0.548 
119 0.945 6.1 -0.92 -- 0.02162 0.02106 0.517 
123 0.928 6.5 -1.37 -- 0.02262 0.02135 0.545 
127 0.952 6.0 3.10 -- 0.02253 0.01603 0.509 
132 0.965 3.7 -2.16 -- 0.02109 0.01954 0.513 
137 0.985 1.9 -2.68 -- 0.02132 0.01393 0.400 
142 0.990 1.3 -0.79 3.54 0.02169 0.01228 0.325 
147 0.990 1.1 1.30 -- 0.02357 0.01126 0.424 
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Rough bed 1: Fr1 = 4.6; Qw = 0.045 m
3/s; Re1=9.0×10
4; h = 20 mm; d1=3.4 cm: x = 0.19 m 
 
y [mm] C [-] F [Hz] V [m/s] Tu [-] Txx [s] Txy [s] (Rxy)max [-] 
5 0.001 1.4 2.03 1.43 0.00242 0.00063 0.068 
11 0.004 5.0 2.29 0.54 0.00184 0.00132 0.215 
17 0.011 12.4 2.43 0.99 0.00280 0.00223 0.365 
23 0.026 23.3 2.26 1.49 0.00404 0.00398 0.434 
29 0.057 44.0 2.29 1.43 0.00469 0.00454 0.500 
34 0.079 58.8 2.19 1.36 0.00439 0.00416 0.485 
38 0.108 70.6 2.11 1.64 0.00499 0.00461 0.477 
42 0.158 87.8 1.93 1.67 0.00549 0.00523 0.490 
46 0.195 92.6 2.03 1.95 0.00603 0.00587 0.481 
50 0.204 95.9 1.88 1.72 0.00557 0.00485 0.433 
53 0.225 92.4 1.98 2.45 0.00652 0.00599 0.418 
56 0.295 90.6 1.78 2.45 0.00921 0.00701 0.439 
59 0.271 81.7 1.58 2.18 0.00953 0.00723 0.434 
62 0.306 70.8 1.80 3.67 0.01287 0.00916 0.449 
65 0.285 67.2 2.05 3.66 0.01162 0.00870 0.435 
68 0.298 56.7 1.72 4.47 0.01428 0.00988 0.429 
71 0.281 55.2 1.65 5.13 0.01506 0.00995 0.414 
74 0.251 52.2 1.61 4.34 0.01423 0.00911 0.398 
77 0.231 40.7 1.60 5.53 0.01738 0.01108 0.436 
80 0.233 44.6 4.79 -- 0.01479 0.00961 0.361 
83 0.208 36.7 -1.56 6.66 0.01760 0.01401 0.418 
86 0.202 37.5 -1.15 5.10 0.01589 0.01317 0.380 
89 0.210 37.5 -1.03 3.84 0.01613 0.01287 0.393 
92 0.191 34.9 -1.07 4.14 0.01680 0.01301 0.399 
95 0.236 38.7 -1.11 4.68 0.01686 0.01405 0.407 
99 0.240 38.6 -1.11 4.34 0.01725 0.01254 0.370 
103 0.345 46.8 -1.86 -- 0.01990 0.01593 0.438 
107 0.438 45.4 -1.24 -- 0.02191 0.01813 0.476 
111 0.509 43.7 -1.25 -- 0.02259 0.01967 0.489 
115 0.543 37.8 -1.58 -- 0.02545 0.02218 0.556 
119 0.635 33.4 -1.20 -- 0.02622 0.02471 0.598 
123 0.779 26.2 -2.93 -- 0.02646 0.02301 0.600 
127 0.839 17.9 4.05 -- 0.02718 0.02067 0.619 
131 0.869 14.8 2.05 -- 0.02622 0.01827 0.570 
135 0.866 9.6 1.53 -- 0.02688 0.01924 0.621 
139 0.913 9.2 3.10 -- 0.02715 0.02001 0.612 
144 0.958 4.4 1.35 -- 0.02360 0.01648 0.580 
149 0.974 3.1 -1.50 -- 0.02189 0.02100 0.548 
155 0.987 2.0 -- -- 0.01711 0.01253 0.453 
161 0.990 1.1 0.53 0.53 0.02252 0.00595 0.384 
167 0.995 0.9 0.96 0.36 0.01787 0.00539 0.238 
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Rough bed 1: Fr1 = 4.6; Qw = 0.045 m
3/s; Re1=9.0×10
4; h = 20 mm; d1=3.4 cm: x = 0.3 m 
 
y [mm] C [-] F [Hz] V [m/s] Tu [-] Txx [s] Txy [s] (Rxy)max [-] 
5 0.003 2.2 1.00 0.05 0.00136 0.00005 0.055 
11 0.004 4.6 1.41 0.40 0.00160 0.00084 0.135 
17 0.009 8.4 1.66 0.64 0.00157 0.00121 0.222 
23 0.014 14.1 1.74 0.63 0.00189 0.00137 0.212 
29 0.025 21.8 1.86 0.93 0.00303 0.00222 0.303 
35 0.039 33.5 1.76 0.88 0.00334 0.00229 0.300 
40 0.059 43.6 1.86 1.22 0.00417 0.00290 0.303 
45 0.064 46.2 1.82 1.10 0.00390 0.00265 0.305 
50 0.093 54.7 1.68 1.36 0.00506 0.00344 0.304 
54 0.102 61.8 1.63 1.26 0.00445 0.00335 0.314 
58 0.112 60.9 1.49 1.27 0.00530 0.00350 0.304 
62 0.137 67.1 1.66 2.01 0.00626 0.00437 0.289 
65 0.117 60.2 1.66 1.70 0.00534 0.00305 0.246 
68 0.136 60.2 1.56 1.86 0.00606 0.00398 0.289 
71 0.159 64.7 1.52 2.06 0.00761 0.00435 0.271 
74 0.160 59.6 1.36 2.05 0.00856 0.00509 0.293 
77 0.153 55.9 1.50 2.04 0.00683 0.00453 0.280 
80 0.152 52.0 1.50 2.44 0.00845 0.00476 0.264 
83 0.147 51.2 1.80 3.33 0.00830 0.00470 0.230 
86 0.155 47.8 1.45 3.05 0.00983 0.00535 0.262 
89 0.140 41.2 1.45 2.93 0.01018 0.00493 0.250 
92 0.138 38.7 1.25 3.06 0.01003 0.00555 0.245 
96 0.144 37.7 2.05 4.62 0.01031 0.00529 0.243 
100 0.130 32.0 1.93 5.52 0.01306 0.00630 0.265 
104 0.129 31.8 -1.41 0.49 0.01257 0.00876 0.253 
108 0.115 27.1 -1.14 0.63 0.01251 0.00767 0.221 
112 0.109 24.9 -0.88 3.75 0.01368 0.00955 0.261 
117 0.119 24.8 -0.84 3.91 0.01615 0.00988 0.274 
122 0.139 27.7 -2.55 -- 0.01515 0.00898 0.271 
127 0.203 29.0 -- -- 0.02297 0.01601 0.436 
132 0.223 29.0 -1.36 -- 0.02525 0.01861 0.444 
137 0.428 33.0 -- -- 0.02939 0.02145 0.599 
142 0.567 26.7 1.20 -- 0.03084 0.01959 0.634 
147 0.753 23.6 1.88 -- 0.02839 0.01936 0.588 
152 0.771 18.7 1.30 -- 0.03165 0.02135 0.670 
157 0.905 8.3 1.24 -- 0.02767 0.01859 0.607 
163 0.919 4.6 1.08 -- 0.02470 0.01847 0.625 
169 0.974 2.3 1.55 -- 0.02561 0.01483 0.488 
175 0.985 1.4 0.32 0.47 0.02492 0.00599 0.448 
181 0.991 1.0 1.45 -- 0.01901 0.00952 0.366 
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Rough bed 1: Fr1 = 4.6; Qw = 0.045 m
3/s; Re1=9.0×10
4; h = 20 mm; d1=3.4 cm: x = 0.43 m 
 
y [mm] C [-] F [Hz] V [m/s] Tu [-] Txx [s] Txy [s] (Rxy)max [-] 
5 0.003 1.5 1.35 1.43 0.00156 0.00022 0.042 
11 0.005 2.8 0.94 0.54 0.00177 0.00022 0.080 
17 0.007 4.5 1.52 0.99 0.00140 0.00047 0.084 
23 0.010 7.1 1.37 1.49 0.00169 0.00072 0.089 
29 0.013 9.9 1.49 1.43 0.00167 0.00081 0.150 
35 0.018 13.3 1.31 1.36 0.00198 0.00109 0.136 
41 0.021 15.6 1.76 1.64 0.00221 0.00100 0.123 
47 0.028 19.8 1.42 1.67 0.00249 0.00143 0.157 
53 0.029 21.0 1.37 1.95 0.00236 0.00183 0.176 
59 0.038 24.1 1.49 1.72 0.00257 0.00141 0.164 
65 0.041 25.3 1.12 2.45 0.00294 0.00129 0.171 
70 0.041 23.8 1.58 2.45 0.00329 0.00197 0.153 
75 0.049 27.6 1.10 2.18 0.00296 0.00127 0.164 
80 0.057 27.4 1.08 3.67 0.00358 0.00224 0.193 
85 0.063 32.3 1.22 3.66 0.00300 0.00134 0.135 
90 0.076 30.9 1.10 4.47 0.00453 0.00198 0.148 
94 0.071 30.7 1.28 5.13 0.00415 0.00192 0.148 
98 0.071 26.5 1.16 4.34 0.00538 0.00194 0.132 
102 0.070 25.8 1.78 5.53 0.00535 0.00233 0.146 
106 0.073 24.6 1.42 -- 0.00587 0.00235 0.142 
110 0.059 20.7 1.68 6.66 0.00523 0.00224 0.123 
114 0.076 21.9 2.39 5.10 0.00789 0.00361 0.137 
118 0.066 20.5 1.90 3.84 0.00689 0.00359 0.152 
122 0.058 16.7 4.94 4.14 0.00631 0.00240 0.091 
126 0.066 20.6 1.16 4.68 0.00818 0.00335 0.162 
130 0.075 20.4 1.05 4.34 0.00754 0.00366 0.136 
134 0.063 16.6 0.92 -- 0.00803 0.00324 0.146 
139 0.073 16.6 2.32 -- 0.01095 0.00485 0.166 
144 0.071 16.3 0.67 -- 0.01189 0.00360 0.158 
149 0.089 16.0 1.68 -- 0.01579 0.00753 0.257 
154 0.157 19.0 1.03 -- 0.02453 0.01255 0.433 
159 0.266 19.8 0.79 -- 0.02902 0.01453 0.538 
164 0.425 18.9 0.89 -- 0.03369 0.01973 0.673 
169 0.685 15.8 0.70 -- 0.03482 0.01989 0.729 
175 0.703 13.6 0.88 -- 0.03383 0.02077 0.720 
181 0.896 7.3 0.73 -- 0.03054 0.01825 0.679 
187 0.948 3.8 0.83 -- 0.02719 0.01905 0.719 
193 0.972 1.5 0.51 -- 0.02339 0.01125 0.555 
199 0.994 0.9 0.76 -- 0.02204 0.01312 0.475 
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Rough bed 1: Fr1 = 4.6; Qw = 0.045 m
3/s; Re1=9.0×10
4; h = 20 mm; d1=3.4 cm: x = 0.57 m 
 
y [mm] C [-] F [Hz] V [m/s] Tu [-] Txx [s] Txy [s] (Rxy)max [-] 
5 0.001 0.8 0.84 0.09 0.00141 0.00007 0.041 
11 0.003 1.5 0.71 0.20 0.00190 0.00031 0.072 
17 0.005 2.8 0.49 0.19 0.00148 0.00014 0.037 
23 0.007 3.4 0.92 0.30 0.00168 0.00061 0.088 
29 0.007 4.0 1.07 0.93 0.00214 0.00090 0.087 
35 0.009 5.3 1.17 0.32 0.00256 0.00081 0.110 
41 0.009 6.4 1.20 0.63 0.00184 0.00053 0.092 
47 0.012 7.6 1.14 0.51 0.00232 0.00091 0.114 
53 0.012 8.0 1.35 0.68 0.00236 0.00098 0.111 
59 0.015 10.2 1.17 0.49 0.00268 0.00103 0.117 
65 0.019 10.6 1.30 1.15 0.00256 0.00128 0.126 
71 0.023 12.7 1.24 0.80 0.00277 0.00153 0.154 
77 0.023 13.3 1.14 1.07 0.00302 0.00145 0.118 
83 0.026 14.4 1.24 1.42 0.00374 0.00171 0.140 
89 0.027 13.7 1.06 1.03 0.00361 0.00163 0.129 
95 0.034 16.4 1.31 1.24 0.00325 0.00129 0.100 
101 0.032 15.0 1.39 2.44 0.00380 0.00177 0.108 
107 0.034 14.7 0.93 1.12 0.00487 0.00124 0.097 
112 0.035 14.0 0.88 0.94 0.00478 0.00202 0.127 
117 0.040 14.7 0.75 1.11 0.00597 0.00202 0.126 
122 0.037 13.9 0.91 0.95 0.00468 0.00191 0.133 
127 0.040 13.8 0.79 1.01 0.00588 0.00196 0.118 
132 0.040 12.9 0.75 1.30 0.00685 0.00252 0.133 
137 0.042 13.3 0.57 1.30 0.00682 0.00185 0.114 
142 0.039 10.6 1.02 2.71 0.00844 0.00280 0.130 
147 0.041 11.0 1.05 2.99 0.00907 0.00278 0.122 
152 0.048 12.2 0.69 0.81 0.00884 0.00260 0.129 
157 0.047 12.0 0.88 2.20 0.00935 0.00308 0.157 
162 0.060 11.2 0.91 0.64 0.01407 0.00485 0.182 
167 0.105 12.6 0.64 -- 0.02241 0.01023 0.430 
172 0.183 14.7 1.02 -- 0.02677 0.01612 0.556 
177 0.335 15.6 0.85 -- 0.03067 0.01932 0.693 
182 0.592 15.4 0.81 -- 0.03253 0.02014 0.722 
187 0.791 10.7 0.73 -- 0.03135 0.01948 0.731 
192 0.887 7.8 0.80 -- 0.02987 0.01947 0.732 
197 0.958 3.1 0.54 -- 0.02653 0.01621 0.750 
203 0.987 1.4 0.57 1.34 0.01764 0.00990 0.487 
209 0.998 0.4 0.72 0.46 0.01800 0.00928 0.377 
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Rough bed 1: Fr1 = 5.5; Qw = 0.083 m
3/s; Re1=1.6×10
5; h = 36 mm; d1=4.5 cm: x = -0.65 m 
(upstream of hydraulic jump) 
 
y [mm] C [-] F [Hz] V [m/s] Tu [-] Txx [s] Txy [s] (Rxy)max [-] 
5 0.002 2.3 3.16 0.63 0.00846 0.00200 0.359 
8 0.003 4.7 3.85 0.87 0.00409 0.00278 0.398 
11 0.022 22.4 4.39 1.15 0.00615 0.00428 0.566 
14 0.032 24.2 4.51 1.06 0.00797 0.00632 0.660 
17 0.036 24.0 4.39 0.97 0.00790 0.00730 0.654 
20 0.067 39.3 4.51 1.40 0.01195 0.01040 0.744 
23 0.063 31.7 4.51 3.21 0.01285 0.01155 0.740 
26 0.105 39.4 4.51 6.40 0.01794 0.01410 0.766 
29 0.145 43.0 4.51 6.44 0.01613 0.01380 0.733 
32 0.219 51.6 4.51 15.59 0.02163 0.01709 0.764 
35 0.261 53.6 4.51 10.88 0.02026 0.01583 0.733 
38 0.341 53.5 4.39 12.94 0.02195 0.01739 0.760 
41 0.393 52.5 4.51 12.19 0.02223 0.01741 0.767 
44 0.487 54.9 4.51 10.25 0.02185 0.01755 0.793 
47 0.576 59.0 4.51 5.98 0.01922 0.01556 0.800 
50 0.740 48.3 4.51 3.88 0.01603 0.01351 0.816 
53 0.855 32.5 4.51 2.91 0.01560 0.01317 0.831 
56 0.918 21.0 4.65 3.06 0.01426 0.01218 0.821 
59 0.956 12.9 4.65 2.30 0.01301 0.01178 0.843 
62 0.974 8.9 4.65 1.59 0.01102 0.00989 0.811 
65 0.991 3.5 4.51 0.87 0.00635 0.00662 0.794 
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Rough bed 1: Fr1 = 5.5; Qw = 0.083 m
3/s; Re1=1.6×10
5; h = 36 mm; d1=4.5 cm: x = -0.35 m 
(upstream of hydraulic jump) 
 
y [mm] C [-] F [Hz] V [m/s] Tu [-] Txx [s] Txy [s] (Rxy)max [-] 
5 0.004 9.6 2.55 0.65 0.00142 0.00097 0.142 
8 0.006 12.6 3.59 0.64 0.00137 0.00108 0.247 
11 0.009 16.7 3.59 0.48 0.00187 0.00145 0.330 
14 0.011 18.9 3.67 0.49 0.00159 0.00133 0.340 
17 0.011 15.5 3.76 0.55 0.00191 0.00180 0.367 
20 0.021 27.9 3.95 0.57 0.00219 0.00220 0.407 
23 0.032 36.8 3.95 0.75 0.00258 0.00295 0.431 
26 0.047 46.0 4.16 0.70 0.00301 0.00309 0.445 
29 0.069 59.8 4.16 0.87 0.00459 0.00415 0.508 
32 0.075 52.2 4.27 1.11 0.00593 0.00453 0.555 
35 0.149 79.2 4.39 1.35 0.00924 0.00762 0.628 
38 0.284 108.8 4.39 1.32 0.01107 0.00912 0.717 
41 0.364 103.8 4.39 1.70 0.01317 0.01111 0.791 
44 0.546 105.6 4.39 1.46 0.01351 0.01089 0.818 
47 0.644 99.0 4.39 1.18 0.01123 0.00901 0.844 
50 0.804 65.9 4.39 1.06 0.01005 0.00855 0.861 
53 0.905 46.0 4.39 0.77 0.00734 0.00639 0.841 
56 0.944 34.1 4.39 0.62 0.00614 0.00451 0.829 
59 0.973 18.4 4.39 0.46 0.00398 0.00402 0.816 
62 0.984 11.4 4.27 0.39 0.00290 0.00319 0.810 
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Rough bed 1: Fr1 = 5.5; Qw = 0.083 m
3/s; Re1=1.6×10
5; h = 36 mm; d1=4.5 cm: x = -0.15 m 
(upstream of hydraulic jump) 
 
y [mm] C [-] F [Hz] V [m/s] Tu [-] Txx [s] Txy [s] (Rxy)max [-] 
5 0.002 5.1 3.51 0.27 0.00045 0.00033 0.133 
7 0.003 8.4 3.36 0.47 0.00046 0.00043 0.123 
9 0.005 12.2 3.51 0.43 0.00065 0.00067 0.211 
11 0.006 12.2 3.22 0.60 0.00071 0.00053 0.187 
13 0.006 11.7 3.76 0.64 0.00062 0.00082 0.250 
15 0.005 10.2 3.76 0.42 0.00062 0.00090 0.216 
17 0.009 15.9 3.95 0.46 0.00086 0.00111 0.303 
19 0.010 18.0 3.95 0.51 0.00080 0.00126 0.259 
21 0.012 21.7 3.95 0.42 0.00087 0.00126 0.304 
23 0.013 22.4 3.95 0.40 0.00081 0.00104 0.283 
25 0.018 29.2 3.95 0.49 0.00146 0.00177 0.348 
27 0.016 22.0 3.95 0.58 0.00180 0.00172 0.366 
29 0.026 35.6 4.05 0.63 0.00197 0.00196 0.345 
31 0.029 34.3 4.05 0.71 0.00203 0.00206 0.373 
33 0.044 40.7 4.16 0.82 0.00354 0.00255 0.443 
35 0.080 62.3 4.16 1.13 0.00444 0.00341 0.557 
37 0.127 83.0 4.27 1.22 0.00554 0.00448 0.605 
39 0.189 91.8 4.27 1.16 0.00678 0.00525 0.690 
41 0.262 104.4 4.27 1.33 0.00692 0.00614 0.731 
43 0.379 118.2 4.27 1.36 0.00836 0.00717 0.777 
45 0.474 116.3 4.27 1.31 0.00826 0.00708 0.800 
47 0.580 119.6 4.27 1.17 0.00714 0.00639 0.819 
49 0.699 103.9 4.27 1.04 0.00790 0.00679 0.824 
51 0.788 87.4 4.27 0.98 0.00729 0.00631 0.826 
53 0.847 68.1 4.27 0.96 0.00624 0.00602 0.839 
55 0.889 58.2 4.27 0.78 0.00606 0.00512 0.826 
57 0.926 41.4 4.27 0.79 0.00537 0.00529 0.818 
59 0.952 29.0 4.27 0.68 0.00477 0.00481 0.825 
61 0.970 20.5 4.27 0.53 0.00385 0.00385 0.816 
63 0.978 16.2 4.27 0.47 0.00391 0.00326 0.794 
65 0.987 9.9 4.16 0.45 0.00332 0.00289 0.785 
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Rough bed 1: Fr1 = 5.5; Qw = 0.083 m
3/s; Re1=1.6×10
5; h = 36 mm; d1=4.5 cm: x = 0.12 m 
 
y [mm] C [-] F [Hz] V [m/s] Tu [-] Txx [s] Txy [s] (Rxy)max [-] 
10 0.002 3.7 2.87 1.13 0.00068 0.00021 0.063 
15 0.003 6.1 3.43 0.39 0.00068 0.00052 0.156 
20 0.004 7.0 3.36 0.98 0.00135 0.00131 0.275 
25 0.008 14.0 3.29 1.01 0.00190 0.00163 0.332 
30 0.013 16.8 3.43 0.76 0.00242 0.00240 0.436 
35 0.019 23.6 3.59 0.94 0.00279 0.00237 0.438 
40 0.034 34.5 3.59 1.03 0.00330 0.00264 0.516 
45 0.064 57.6 3.76 1.13 0.00374 0.00303 0.536 
50 0.122 88.9 3.76 1.13 0.00450 0.00370 0.625 
55 0.208 118.6 3.85 1.23 0.00484 0.00420 0.676 
59 0.324 151.6 3.85 1.21 0.00574 0.00438 0.721 
63 0.308 179.5 3.43 1.61 0.00466 0.00447 0.636 
67 0.426 186.0 3.51 1.68 0.00509 0.00480 0.638 
71 0.577 153.8 3.51 1.95 0.00613 0.00552 0.614 
75 0.523 148.7 3.16 2.56 0.00774 0.00679 0.548 
79 0.464 143.5 2.98 2.87 0.00820 0.00641 0.481 
83 0.527 119.6 2.68 3.36 0.01033 0.00797 0.485 
87 0.624 75.8 3.16 9.74 0.01832 0.01331 0.540 
91 0.455 98.4 2.14 3.85 0.01220 0.00816 0.421 
95 0.530 77.1 3.04 9.42 0.01693 0.01169 0.464 
99 0.450 68.3 3.16 11.18 0.01721 0.01195 0.454 
103 0.402 67.4 2.77 8.40 0.01591 0.01039 0.414 
107 0.480 66.2 2.93 9.91 0.01577 0.01097 0.425 
112 0.513 57.8 -2.26 -- 0.01852 0.01569 0.471 
117 0.527 55.1 -1.80 7.49 0.01787 0.01484 0.440 
122 0.667 43.7 -3.22 -- 0.02067 0.01710 0.515 
127 0.653 45.2 -- -- 0.02166 0.01549 0.502 
132 0.800 27.5 4.65 -- 0.02182 0.01606 0.519 
137 0.766 31.4 -1.82 -- 0.02257 0.01929 0.530 
142 0.843 25.3 -4.16 -- 0.02147 0.01777 0.541 
147 0.898 15.2 -- -- 0.02079 0.01621 0.537 
152 0.910 13.9 -- -- 0.01900 0.01469 0.464 
157 0.924 12.4 -2.14 -- 0.01850 0.01836 0.512 
163 0.935 7.9 -- -- 0.01781 0.01479 0.467 
169 0.966 4.9 -- -- 0.01344 0.01105 0.354 
175 0.966 5.2 -3.16 -- 0.01487 0.01222 0.399 
183 0.966 6.4 -- -- 0.01647 0.01250 0.445 
192 0.991 1.5 1.88 3.67 0.01602 0.00461 0.222 
201 0.987 1.9 -0.79 2.49 0.01307 0.00939 0.337 
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Rough bed 1: Fr1 = 5.5; Qw = 0.083 m
3/s; Re1=1.6×10
5; h = 36 mm; d1=4.5 cm: x = 0.2 m 
 
y [mm] C [-] F [Hz] V [m/s] Tu [-] Txx [s] Txy [s] (Rxy)max [-] 
10 0.002 4.1 2.51 0.53 0.00068 0.00041 0.115 
15 0.004 6.2 3.29 0.99 0.00137 0.00089 0.187 
20 0.007 12.0 2.87 0.86 0.00112 0.00097 0.244 
25 0.009 14.5 3.16 0.86 0.00167 0.00156 0.295 
30 0.016 22.4 3.22 0.83 0.00235 0.00219 0.382 
35 0.028 37.6 3.29 1.42 0.00293 0.00273 0.454 
40 0.044 49.1 3.36 1.23 0.00353 0.00288 0.474 
45 0.077 73.8 3.43 1.64 0.00470 0.00399 0.536 
50 0.119 99.9 3.51 1.64 0.00513 0.00436 0.580 
55 0.173 124.0 3.51 1.56 0.00512 0.00463 0.630 
60 0.308 160.7 3.59 1.60 0.00483 0.00468 0.655 
64 0.354 175.4 3.43 1.75 0.00543 0.00490 0.628 
68 0.405 184.0 3.22 1.80 0.00513 0.00472 0.595 
72 0.438 174.1 3.10 2.07 0.00574 0.00536 0.560 
76 0.528 146.9 3.16 2.87 0.00847 0.00716 0.544 
80 0.424 154.9 2.82 2.53 0.00733 0.00612 0.499 
84 0.498 108.7 2.82 4.22 0.01304 0.00964 0.507 
88 0.441 100.7 2.39 4.32 0.01169 0.00884 0.445 
92 0.438 84.6 2.26 5.59 0.01471 0.00981 0.436 
96 0.398 75.8 2.29 5.44 0.01562 0.01057 0.460 
100 0.376 74.5 2.51 6.65 0.01533 0.01054 0.443 
105 0.377 67.5 6.58 -- 0.01563 0.01067 0.412 
110 0.387 62.0 -1.93 7.17 0.01694 0.01325 0.426 
115 0.477 59.4 -8.78 -- 0.01643 0.01237 0.436 
120 0.484 55.4 -1.70 7.72 0.01956 0.01559 0.449 
125 0.533 51.8 -1.05 -- 0.02066 0.01877 0.493 
130 0.516 52.2 -1.32 6.03 0.01924 0.01772 0.496 
135 0.619 46.7 -1.44 -- 0.02126 0.01934 0.516 
143 0.761 30.3 -2.14 -- 0.02391 0.02013 0.571 
151 0.790 27.2 -1.36 -- 0.02300 0.02036 0.529 
159 0.844 23.0 -7.18 -- 0.02217 0.01785 0.539 
167 0.911 13.3 -6.87 -- 0.02103 0.01767 0.550 
175 0.949 9.2 -1.10 5.31 0.02011 0.01878 0.500 
185 0.950 7.3 -1.33 5.73 0.02005 0.01870 0.528 
195 0.971 4.6 6.58 -- 0.01678 0.01219 0.449 
205 0.988 2.0 -1.15 5.29 0.01830 0.01387 0.391 
215 0.987 2.3 1.30 3.25 0.01657 0.00882 0.372 
226 0.982 2.0 -- -- 0.01834 0.01092 0.369 
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Rough bed 1: Fr1 = 5.5; Qw = 0.083 m
3/s; Re1=1.6×10
5; h = 36 mm; d1=4.5 cm: x = 0.35 m 
 
y [mm] C [-] F [Hz] V [m/s] Tu [-] Txx [s] Txy [s] (Rxy)max [-] 
5 0.004 7.3 2.19 0.65 0.00109 0.00066 0.119 
12 0.006 11.4 2.63 0.56 0.00118 0.00067 0.181 
19 0.010 16.7 2.68 0.71 0.00214 0.00131 0.287 
26 0.015 25.7 2.87 0.72 0.00212 0.00177 0.365 
33 0.026 39.4 3.04 1.05 0.00255 0.00227 0.417 
38 0.037 52.8 3.16 1.08 0.00308 0.00286 0.467 
43 0.065 79.8 3.16 1.81 0.00457 0.00418 0.484 
48 0.087 96.4 3.10 1.40 0.00434 0.00344 0.495 
53 0.106 119.7 2.98 1.47 0.00374 0.00343 0.493 
58 0.144 144.4 2.82 1.56 0.00457 0.00407 0.503 
63 0.216 170.7 2.93 1.74 0.00514 0.00469 0.518 
67 0.219 171.0 2.82 1.73 0.00489 0.00441 0.498 
71 0.272 180.8 2.82 2.04 0.00540 0.00513 0.493 
75 0.309 167.4 2.55 2.03 0.00566 0.00521 0.474 
79 0.260 158.1 2.47 2.15 0.00622 0.00538 0.450 
83 0.318 153.8 2.39 2.44 0.00762 0.00626 0.466 
87 0.299 142.8 2.47 2.50 0.00722 0.00583 0.437 
91 0.323 133.2 2.14 2.64 0.00836 0.00663 0.419 
95 0.330 105.1 2.32 3.51 0.01041 0.00755 0.422 
99 0.283 107.1 2.26 3.81 0.01036 0.00812 0.433 
103 0.298 94.4 2.51 4.61 0.01192 0.00851 0.426 
107 0.279 93.6 2.29 5.20 0.01200 0.00858 0.402 
111 0.285 80.2 2.08 4.30 0.01281 0.00856 0.409 
115 0.268 70.0 2.16 5.22 0.01373 0.00878 0.394 
120 0.213 55.8 -1.28 4.72 0.01417 0.01159 0.356 
125 0.240 59.4 5.45 -- 0.01389 0.00970 0.367 
130 0.268 52.2 -5.27 -- 0.01557 0.01185 0.427 
135 0.241 51.8 -3.04 8.94 0.01497 0.01080 0.392 
140 0.374 55.1 -2.19 8.89 0.01825 0.01462 0.455 
145 0.423 51.0 -1.46 -- 0.02188 0.01943 0.559 
150 0.412 50.1 -3.10 -- 0.02121 0.01721 0.520 
155 0.457 51.1 -2.05 9.13 0.02069 0.01764 0.529 
160 0.600 41.9 -1.68 -- 0.02361 0.02096 0.599 
165 0.636 38.3 -- -- 0.02498 0.02036 0.615 
170 0.619 39.7 -2.39 -- 0.02435 0.02058 0.597 
175 0.691 34.9 -1.66 -- 0.02457 0.02175 0.586 
181 0.812 23.9 -2.08 -- 0.02499 0.02209 0.613 
187 0.805 24.8 -2.16 -- 0.02375 0.02065 0.607 
194 0.823 22.2 -2.59 -- 0.02401 0.02081 0.582 
202 0.912 11.2 -1.95 -- 0.02215 0.01965 0.571 
210 0.907 12.9 -3.51 -- 0.02385 0.02068 0.599 
220 0.965 5.3 -1.72 -- 0.01772 0.01364 0.370 
230 0.969 4.5 -1.36 6.00 0.01817 0.01720 0.502 
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Rough bed 1: Fr1 = 5.5; Qw = 0.083 m
3/s; Re1=1.6×10
5; h = 36 mm; d1=4.5 cm: x = 0.55 m 
 
y [mm] C [-] F [Hz] V [m/s] Tu [-] Txx [s] Txy [s] (Rxy)max [-] 
5 0.004 6.4 1.33 0.41 0.00082 0.00040 0.051 
13 0.007 11.3 1.88 0.44 0.00091 0.00055 0.107 
21 0.009 16.4 2.23 0.49 0.00092 0.00068 0.169 
30 0.016 27.7 2.51 0.67 0.00164 0.00123 0.272 
36 0.025 37.0 2.51 0.87 0.00186 0.00167 0.262 
42 0.032 50.1 2.68 0.91 0.00199 0.00197 0.325 
48 0.048 64.6 2.63 1.15 0.00313 0.00296 0.383 
54 0.064 80.6 2.68 1.32 0.00308 0.00283 0.374 
60 0.065 86.7 2.68 1.13 0.00286 0.00247 0.363 
66 0.079 95.1 2.59 1.19 0.00309 0.00275 0.376 
72 0.115 113.3 2.51 1.58 0.00428 0.00418 0.427 
77 0.126 116.7 2.39 1.60 0.00421 0.00362 0.398 
82 0.142 122.2 2.36 1.57 0.00421 0.00367 0.394 
87 0.122 115.7 2.32 1.46 0.00343 0.00316 0.351 
92 0.138 116.8 2.23 1.75 0.00372 0.00358 0.336 
97 0.140 112.8 2.19 1.83 0.00481 0.00416 0.356 
102 0.145 108.6 2.08 1.89 0.00552 0.00457 0.354 
107 0.161 109.3 2.05 2.04 0.00517 0.00443 0.336 
112 0.184 98.4 2.03 2.96 0.00740 0.00585 0.347 
117 0.169 96.8 1.90 2.33 0.00587 0.00472 0.308 
122 0.168 87.2 1.90 2.57 0.00729 0.00514 0.331 
127 0.174 87.2 1.86 2.72 0.00711 0.00505 0.288 
132 0.187 79.4 1.78 2.89 0.00945 0.00593 0.341 
137 0.165 76.9 1.66 2.88 0.00747 0.00546 0.298 
142 0.165 63.6 2.11 5.52 0.01078 0.00754 0.325 
148 0.164 60.7 1.95 5.43 0.01128 0.00804 0.347 
154 0.148 49.3 3.59 9.73 0.00934 0.00766 0.304 
160 0.147 45.0 1.55 3.68 0.01194 0.00689 0.306 
167 0.153 43.0 3.85 -- 0.01287 0.00886 0.343 
174 0.137 34.0 2.68 -- 0.01600 0.00959 0.355 
181 0.148 37.3 -2.55 8.38 0.01349 0.00972 0.336 
188 0.199 34.0 -- -- 0.02018 0.01465 0.494 
195 0.218 35.3 -1.40 -- 0.02258 0.01910 0.507 
203 0.258 35.3 -- -- 0.02314 0.01753 0.545 
211 0.550 35.6 -1.30 -- 0.02890 0.02656 0.660 
219 0.551 33.8 -3.04 -- 0.02879 0.02469 0.665 
227 0.481 31.3 -1.72 -- 0.02868 0.02579 0.674 
235 0.768 20.5 -2.47 -- 0.02960 0.02584 0.683 
245 0.883 12.2 -2.26 -- 0.02647 0.02396 0.633 
255 0.925 9.2 -- -- 0.02543 0.02103 0.639 
265 0.958 4.8 -- -- 0.02364 0.01969 0.598 
275 0.956 5.1 -- -- 0.02500 0.01785 0.522 
282 0.980 2.3 0.91 2.01 0.02208 0.00707 0.335 
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Rough bed 1: Fr1 = 5.5; Qw = 0.083 m
3/s; Re1=1.6×10
5; h = 36 mm; d1=4.5 cm: x = 1.15 m 
 
y [mm] C [-] F [Hz] V [m/s] Tu [-] Txx [s] Txy [s] (Rxy)max [-] 
5 0.005 3.2 3.10 -- 0.00977 0.00239 0.106 
12 0.008 5.3 0.53 1.36 0.00923 0.00252 0.150 
19 0.010 7.8 1.45 0.66 0.00354 0.00120 0.116 
26 0.014 10.7 1.40 0.66 0.00367 0.00138 0.132 
33 0.015 12.8 1.39 0.85 0.00244 0.00087 0.107 
40 0.016 13.4 1.55 0.83 0.00226 0.00093 0.112 
47 0.021 17.8 1.26 0.48 0.00295 0.00100 0.115 
54 0.027 21.5 1.49 0.84 0.00235 0.00114 0.149 
61 0.024 19.1 1.52 0.72 0.00270 0.00101 0.135 
69 0.027 22.6 1.52 0.94 0.00229 0.00139 0.146 
77 0.029 23.7 1.50 0.59 0.00245 0.00091 0.147 
85 0.034 26.2 1.58 0.87 0.00249 0.00105 0.132 
93 0.037 29.6 1.76 1.52 0.00264 0.00166 0.156 
101 0.037 26.8 1.41 0.81 0.00289 0.00139 0.150 
109 0.043 29.7 1.56 1.37 0.00276 0.00148 0.148 
117 0.047 32.6 1.14 0.80 0.00374 0.00151 0.146 
125 0.051 31.6 1.49 1.14 0.00365 0.00178 0.163 
133 0.050 32.2 1.52 1.14 0.00327 0.00141 0.127 
141 0.050 29.1 1.28 1.09 0.00377 0.00173 0.140 
149 0.056 27.7 1.15 1.43 0.00377 0.00176 0.126 
157 0.055 27.3 1.40 1.96 0.00484 0.00228 0.139 
165 0.059 26.8 1.25 1.52 0.00461 0.00193 0.142 
173 0.058 29.0 1.49 1.41 0.00446 0.00214 0.156 
181 0.056 26.3 1.32 1.92 0.00529 0.00259 0.160 
189 0.059 24.6 1.10 1.77 0.00451 0.00210 0.135 
197 0.055 22.6 1.19 1.81 0.00539 0.00245 0.129 
205 0.050 17.8 1.23 3.45 0.00564 0.00299 0.129 
213 0.054 20.9 1.14 3.32 0.00526 0.00204 0.102 
221 0.055 20.5 0.72 1.63 0.00682 0.00268 0.146 
229 0.045 14.1 0.51 0.84 0.00687 0.00275 0.136 
237 0.048 15.0 1.72 3.38 0.00684 0.00203 0.124 
245 0.045 14.8 1.61 4.78 0.00904 0.00332 0.151 
253 0.046 13.0 2.43 0.11 0.00998 0.00335 0.123 
261 0.043 11.8 1.14 0.71 0.01223 0.00463 0.188 
269 0.065 13.9 5.27 -- 0.01645 0.00931 0.282 
277 0.102 12.8 2.11 -- 0.02543 0.01469 0.449 
285 0.249 14.9 3.22 -- 0.03561 0.02510 0.721 
289 0.296 15.6 1.86 -- 0.03719 0.02487 0.742 
5 0.002 1.7 1.55 0.82 0.00872 0.00602 0.240 
20 0.010 6.6 1.50 2.06 0.00476 0.00341 0.180 
35 0.012 9.3 1.55 0.69 0.00320 0.00220 0.136 
50 0.018 14.0 1.30 0.86 0.00239 0.00097 0.123 
65 0.019 15.2 1.60 0.77 0.00223 0.00056 0.095 
80 0.024 20.7 1.52 0.82 0.00236 0.00091 0.137 
95 0.027 19.5 1.42 0.72 0.00263 0.00149 0.132 
110 0.033 25.5 1.74 1.28 0.00243 0.00125 0.131 
125 0.044 29.6 1.72 1.64 0.00336 0.00178 0.149 
140 0.050 34.6 1.65 1.65 0.00325 0.00201 0.146 
155 0.057 33.0 1.39 1.38 0.00466 0.00203 0.166 
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170 0.059 31.4 1.17 1.27 0.00449 0.00169 0.135 
185 0.055 27.0 1.35 1.40 0.00480 0.00234 0.149 
200 0.063 30.2 1.09 1.91 0.00553 0.00299 0.172 
215 0.055 24.2 0.88 2.04 0.00560 0.00245 0.147 
230 0.056 21.2 1.06 1.84 0.00661 0.00300 0.158 
231 0.056 22.8 1.37 4.61 0.00617 0.00326 0.142 
245 0.053 19.2 1.45 4.01 0.00762 0.00404 0.171 
260 0.046 15.1 1.20 0.76 0.00883 0.00344 0.170 
275 0.058 17.5 0.93 0.79 0.00884 0.00373 0.167 
283 0.060 17.5 0.93 0.77 0.01187 0.00457 0.196 
291 0.056 12.8 0.90 0.72 0.01478 0.00678 0.251 
299 0.103 15.9 0.43 0.69 0.02187 0.00801 0.407 
307 0.247 18.1 1.15 -- 0.03328 0.02196 0.706 
315 0.407 16.8 1.55 -- 0.03641 0.02579 0.786 
323 0.452 15.2 0.89 -- 0.03758 0.02362 0.808 
331 0.693 13.0 0.88 -- 0.03594 0.02334 0.811 
339 0.770 9.8 1.15 -- 0.03673 0.02556 0.824 
347 0.911 5.0 1.03 -- 0.03302 0.02232 0.748 
355 0.956 5.2 0.59 -- 0.02673 0.01643 0.704 
363 0.981 1.6 0.91 -- 0.02603 0.01758 0.681 
371 0.980 2.1 1.14 -- 0.02974 0.01949 0.699 
379 0.995 1.2 1.20 -- 0.02196 0.00750 0.281 
 
 
 
Rough bed 1: Fr1 = 6.5; Qw = 0.065 m
3/s; Re1=1.3×10
5; h = 20 mm; d1=3.43 cm: x = -0.65 m 
(upstream of hydraulic jump) 
 
y [mm] C [-] F [Hz] V [m/s] Tu [-] Txx [s] Txy [s] (Rxy)max [-] 
5 0.035 57.3 3.43 0.94 0.00380 0.00325 0.388 
8 0.052 73.9 3.95 1.06 0.00367 0.00326 0.466 
11 0.078 99.0 4.05 0.87 0.00397 0.00356 0.524 
14 0.096 101.4 4.39 0.98 0.00494 0.00429 0.588 
17 0.118 107.9 4.39 0.81 0.00475 0.00359 0.607 
20 0.168 132.2 4.51 0.91 0.00584 0.00483 0.616 
23 0.236 141.9 4.79 1.01 0.00811 0.00630 0.643 
26 0.357 154.4 4.79 1.26 0.01170 0.00717 0.671 
29 0.459 168.9 4.79 0.71 0.00767 0.00521 0.698 
32 0.621 137.9 4.94 0.94 0.01004 0.00700 0.700 
35 0.763 102.6 4.79 0.98 0.01220 0.00854 0.696 
38 0.863 73.2 4.79 1.00 0.00921 0.00694 0.713 
41 0.931 48.6 4.79 0.65 0.00643 0.00494 0.704 
44 0.959 34.3 4.79 0.65 0.00599 0.00479 0.688 
47 0.979 20.6 4.79 0.43 0.00299 0.00293 0.644 
50 0.983 17.0 4.65 0.44 0.00313 0.00287 0.673 
53 0.993 8.9 4.65 0.33 0.00132 0.00183 0.659 
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Rough bed 1: Fr1 = 6.5; Qw = 0.065 m
3/s; Re1=1.3×10
5; h = 20 mm; d1=3.43 cm: x = -0.35 m 
(upstream of hydraulic jump) 
 
y [mm] C [-] F [Hz] V [m/s] Tu [-] Txx [s] Txy [s] (Rxy)max [-] 
5 0.026 68.0 3.36 0.49 0.00093 0.00071 0.194 
8 0.037 87.0 3.85 0.50 0.00106 0.00081 0.297 
11 0.051 96.9 3.85 0.52 0.00123 0.00110 0.366 
14 0.068 112.4 4.05 0.54 0.00105 0.00089 0.377 
17 0.088 126.8 4.27 0.60 0.00139 0.00120 0.399 
20 0.126 154.6 4.27 0.58 0.00150 0.00115 0.443 
23 0.166 167.7 4.51 0.67 0.00208 0.00177 0.499 
26 0.231 185.3 4.51 0.67 0.00262 0.00215 0.561 
29 0.343 206.2 4.65 0.71 0.00312 0.00287 0.632 
32 0.497 205.2 4.65 0.68 0.00281 0.00281 0.688 
35 0.636 185.4 4.65 0.66 0.00304 0.00321 0.727 
38 0.768 146.6 4.65 0.59 0.00329 0.00330 0.753 
41 0.860 103.2 4.65 0.50 0.00243 0.00273 0.755 
44 0.913 71.8 4.51 0.43 0.00214 0.00259 0.755 
47 0.943 50.0 4.51 0.42 0.00263 0.00259 0.754 
50 0.964 35.7 4.51 0.36 0.00179 0.00220 0.757 
53 0.975 25.5 4.51 0.29 0.00187 0.00207 0.755 
56 0.984 16.6 4.51 0.28 0.00161 0.00189 0.743 
59 0.990 11.4 4.51 0.31 0.00177 0.00203 0.729 
62 0.993 8.7 4.39 0.27 0.00160 0.00159 0.733 
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Rough bed 1: Fr1 = 6.5; Qw = 0.065 m
3/s; Re1=1.3×10
5; h = 20 mm; d1=3.43 cm: x = -0.15 m 
(upstream of hydraulic jump) 
 
y [mm] C [-] F [Hz] V [m/s] Tu [-] Txx [s] Txy [s] (Rxy)max [-] 
4.5 0.021 56.4 3.16 0.58 0.00072 0.00041 0.146 
6.5 0.020 58.1 3.51 0.51 0.00082 0.00050 0.165 
8.5 0.025 63.1 3.67 0.61 0.00075 0.00061 0.212 
10.5 0.029 67.2 3.51 0.55 0.00087 0.00075 0.241 
12.5 0.035 75.8 3.95 0.57 0.00099 0.00097 0.286 
14.5 0.042 88.2 3.95 0.51 0.00080 0.00081 0.287 
16.5 0.045 84.8 4.05 0.55 0.00106 0.00100 0.304 
18.5 0.059 104.2 4.16 0.58 0.00106 0.00088 0.341 
20.5 0.067 108.9 4.27 0.53 0.00132 0.00094 0.348 
22.5 0.087 125.2 4.27 0.56 0.00146 0.00124 0.407 
24.5 0.114 146.4 4.39 0.60 0.00183 0.00142 0.447 
26.5 0.135 154.2 4.51 0.64 0.00223 0.00160 0.493 
28.5 0.191 181.2 4.51 0.69 0.00286 0.00237 0.565 
30.5 0.243 193.6 4.51 0.68 0.00322 0.00264 0.620 
32.5 0.330 205.6 4.51 0.81 0.00418 0.00358 0.677 
34.5 0.452 210.3 4.51 0.79 0.00378 0.00371 0.724 
36.5 0.546 204.5 4.51 0.80 0.00427 0.00365 0.751 
38.5 0.657 182.2 4.51 0.80 0.00410 0.00383 0.775 
40.5 0.753 149.6 4.51 0.82 0.00445 0.00384 0.788 
42.5 0.823 119.3 4.51 0.83 0.00405 0.00390 0.787 
44.5 0.871 89.9 4.39 0.69 0.00380 0.00351 0.799 
46.5 0.918 63.6 4.39 0.62 0.00266 0.00302 0.790 
48.5 0.946 45.0 4.39 0.62 0.00311 0.00379 0.776 
50.5 0.963 33.5 4.39 0.53 0.00259 0.00333 0.767 
52.5 0.968 28.0 4.39 0.52 0.00216 0.00296 0.768 
55.5 0.981 16.4 4.27 0.50 0.00242 0.00287 0.758 
58.5 0.988 12.0 4.16 0.43 0.00216 0.00308 0.755 
61.5 0.993 6.6 4.27 0.36 0.00225 0.00238 0.734 
64.5 0.996 3.5 4.16 0.29 0.00262 0.00225 0.707 
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Rough bed 1: Fr1 = 6.5; Qw = 0.065 m
3/s; Re1=1.3×10
5; h = 20 mm; d1=3.43 cm: x = 0.15 m 
 
y [mm] C [-] F [Hz] V [m/s] Tu [-] Txx [s] Txy [s] (Rxy)max [-] 
5 0.016 42.4 2.68 0.32 0.00094 0.00040 0.142 
10 0.027 65.9 3.22 0.48 0.00084 0.00068 0.230 
15 0.040 84.5 3.51 0.46 0.00096 0.00084 0.287 
20 0.060 108.4 3.59 0.62 0.00188 0.00159 0.372 
25 0.088 135.8 3.59 0.87 0.00283 0.00222 0.436 
29 0.121 168.8 3.76 0.93 0.00248 0.00217 0.460 
33 0.171 198.3 3.76 1.29 0.00349 0.00300 0.513 
36 0.206 217.0 3.67 1.50 0.00349 0.00339 0.526 
39 0.273 240.6 3.59 1.67 0.00389 0.00379 0.548 
42 0.306 250.1 3.43 1.71 0.00419 0.00391 0.523 
45 0.449 246.6 3.59 2.03 0.00489 0.00486 0.569 
48 0.403 230.5 3.29 2.13 0.00481 0.00442 0.514 
51 0.414 208.8 3.16 2.47 0.00606 0.00524 0.485 
54 0.486 183.6 2.98 2.82 0.00748 0.00641 0.476 
57 0.505 139.6 2.87 4.14 0.00988 0.00823 0.474 
60 0.439 134.4 2.23 3.33 0.00987 0.00762 0.440 
63 0.427 109.8 2.47 4.01 0.01180 0.00836 0.433 
66 0.415 104.2 2.55 5.08 0.01310 0.00957 0.457 
69 0.403 84.6 2.87 8.41 0.01574 0.01153 0.464 
72 0.377 74.9 2.16 6.91 0.01571 0.01089 0.442 
75 0.370 73.4 2.47 8.36 0.01469 0.01054 0.424 
78 0.374 64.6 2.00 6.77 0.01603 0.01098 0.434 
81 0.359 63.8 4.05 -- 0.01580 0.01142 0.419 
84 0.382 63.5 -1.49 6.43 0.01575 0.01353 0.402 
87 0.365 60.0 -5.27 -- 0.01766 0.01364 0.443 
90 0.369 62.2 -1.23 5.79 0.01637 0.01421 0.407 
93 0.334 59.2 -1.23 5.53 0.01656 0.01524 0.435 
96 0.392 62.7 -1.78 -- 0.01821 0.01518 0.449 
99 0.411 63.9 -2.93 -- 0.01723 0.01412 0.453 
102 0.419 57.3 -1.58 -- 0.01955 0.01790 0.491 
105 0.398 65.8 -1.10 -- 0.01848 0.01716 0.460 
109 0.457 64.0 -1.10 -- 0.01910 0.01787 0.466 
113 0.564 54.3 -1.20 -- 0.02071 0.01914 0.516 
117 0.606 50.4 -- -- 0.02187 0.01658 0.514 
121 0.676 44.0 -1.45 -- 0.02305 0.02060 0.532 
125 0.720 38.6 -1.35 -- 0.02380 0.02230 0.585 
129 0.752 23.9 -3.59 -- 0.02315 0.02110 0.588 
133 0.862 21.7 -2.32 -- 0.02244 0.02103 0.552 
137 0.829 17.0 -5.85 -- 0.02395 0.01999 0.566 
141 0.891 10.2 -3.95 -- 0.02123 0.01951 0.544 
145 0.927 9.9 -2.05 -- 0.02195 0.02111 0.574 
150 0.953 7.2 -- -- 0.02171 0.01453 0.478 
155 0.949 8.4 2.47 -- 0.02051 0.01483 0.504 
160 0.977 4.5 -- -- 0.01635 0.01217 0.373 
166 0.974 3.5 2.51 -- 0.01809 0.01477 0.508 
172 0.979 2.9 -- -- 0.02233 0.01622 0.509 
179 0.987 1.9 1.21 4.10 0.02039 0.01094 0.460 
186 0.993 0.9 -1.86 5.48 0.01831 0.00485 0.169 
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Rough bed 1: Fr1 = 6.5; Qw = 0.065 m
3/s; Re1=1.3×10
5; h = 20 mm; d1=3.43 cm: x = 0.27 m 
y [mm] C [-] F [Hz] V [m/s] Tu [-] Txx [s] Txy [s] (Rxy)max [-] 
5 0.018 36.6 2.16 0.68 0.00065 0.00037 0.106 
10 0.023 51.5 2.82 0.53 0.00076 0.00053 0.151 
15 0.037 75.9 2.98 0.63 0.00125 0.00108 0.246 
20 0.052 98.5 3.22 0.74 0.00150 0.00124 0.299 
25 0.083 130.2 3.22 0.92 0.00240 0.00216 0.376 
30 0.111 154.0 3.29 1.19 0.00282 0.00263 0.414 
34 0.143 179.9 3.22 1.43 0.00302 0.00278 0.424 
38 0.166 191.2 3.16 1.38 0.00309 0.00284 0.425 
41 0.199 198.8 3.10 1.70 0.00411 0.00388 0.445 
44 0.242 212.4 3.16 1.89 0.00415 0.00389 0.453 
47 0.254 214.0 2.98 1.76 0.00445 0.00412 0.456 
50 0.281 218.9 2.98 1.77 0.00439 0.00393 0.434 
53 0.309 204.9 2.77 2.07 0.00492 0.00452 0.453 
56 0.303 199.0 2.63 2.10 0.00542 0.00489 0.424 
59 0.338 190.3 2.59 2.30 0.00584 0.00490 0.402 
62 0.342 164.4 2.47 2.50 0.00723 0.00579 0.431 
65 0.350 150.5 2.51 2.75 0.00718 0.00546 0.385 
68 0.343 137.2 2.59 3.59 0.00885 0.00689 0.410 
71 0.354 112.9 2.23 3.67 0.01078 0.00796 0.429 
74 0.345 115.9 2.08 3.64 0.01109 0.00777 0.410 
77 0.319 97.4 2.51 5.92 0.01293 0.00902 0.413 
80 0.338 84.6 2.32 5.26 0.01335 0.00945 0.437 
83 0.314 70.8 1.93 4.94 0.01557 0.00977 0.430 
86 0.309 70.1 3.36 10.17 0.01630 0.01127 0.446 
89 0.301 67.0 2.00 5.74 0.01526 0.00970 0.409 
92 0.277 64.7 -3.51 -- 0.01485 0.01171 0.402 
95 0.257 56.4 3.59 11.72 0.01734 0.01089 0.416 
99 0.254 54.8 5.64 -- 0.01727 0.01212 0.434 
103 0.226 46.6 -2.72 -- 0.01772 0.01339 0.406 
107 0.235 50.7 -1.22 3.87 0.01610 0.01193 0.397 
111 0.288 53.1 -2.00 7.96 0.01859 0.01442 0.469 
115 0.296 55.5 -1.45 -- 0.01822 0.01514 0.448 
119 0.327 56.0 -1.16 -- 0.02057 0.01673 0.475 
123 0.359 58.9 -1.23 -- 0.02095 0.01703 0.474 
127 0.426 55.8 -1.07 -- 0.02298 0.02073 0.523 
131 0.472 53.1 -0.96 -- 0.02213 0.01925 0.499 
135 0.535 49.7 -3.51 -- 0.02508 0.02038 0.576 
140 0.589 45.9 -2.72 -- 0.02527 0.02120 0.567 
145 0.671 40.2 -1.70 -- 0.02626 0.02311 0.600 
150 0.793 15.2 3.67 -- 0.02425 0.01839 0.586 
155 0.730 20.0 -1.65 -- 0.02670 0.02452 0.622 
160 0.843 18.7 1.88 -- 0.02754 0.01937 0.616 
165 0.822 13.7 -2.00 -- 0.02614 0.02335 0.624 
170 0.886 8.4 -1.11 -- 0.02539 0.02341 0.614 
175 0.946 7.3 0.00 -- 0.02353 0.01931 0.602 
181 0.949 6.6 -3.95 -- 0.02005 0.01699 0.487 
187 0.977 2.8 3.29 -- 0.02060 0.01096 0.368 
193 0.980 3.1 -3.59 -- 0.01906 0.01696 0.606 
201 0.982 2.3 -1.03 3.98 0.01909 0.01562 0.470 
209 0.993 0.6 3.51 -- 0.02764 0.00264 0.130 
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Rough bed 1: Fr1 = 6.5; Qw = 0.065 m
3/s; Re1=1.3×10
5; h = 20 mm; d1=3.43 cm: x = 0.42 m 
 
y [mm] C [-] F [Hz] V [m/s] Tu [-] Txx [s] Txy [s] (Rxy)max [-] 
5 0.017 32.7 2.26 0.68 0.00239 0.00027 0.086 
11 0.027 53.4 2.59 0.62 0.00084 0.00050 0.139 
17 0.041 77.1 2.55 0.60 0.00129 0.00086 0.184 
23 0.058 98.2 2.72 0.86 0.00182 0.00161 0.273 
29 0.082 125.3 2.82 0.94 0.00210 0.00182 0.308 
33 0.107 143.6 2.82 1.17 0.00300 0.00253 0.335 
37 0.118 146.7 2.82 1.26 0.00316 0.00285 0.362 
41 0.144 162.6 3.04 1.64 0.00364 0.00323 0.373 
45 0.158 164.0 2.68 1.50 0.00355 0.00298 0.353 
49 0.160 162.7 2.59 1.41 0.00379 0.00309 0.349 
53 0.188 166.7 2.51 1.57 0.00402 0.00312 0.342 
57 0.203 165.2 2.59 2.18 0.00451 0.00396 0.353 
61 0.226 162.2 2.00 1.73 0.00507 0.00377 0.334 
65 0.224 155.1 2.36 2.01 0.00546 0.00434 0.340 
69 0.230 142.5 2.14 2.06 0.00589 0.00409 0.309 
73 0.249 132.3 2.26 2.62 0.00723 0.00501 0.335 
77 0.240 129.8 2.03 2.21 0.00583 0.00402 0.318 
81 0.255 107.7 2.08 3.22 0.00882 0.00625 0.341 
85 0.248 101.3 2.47 3.82 0.00899 0.00629 0.343 
89 0.257 82.6 2.11 5.11 0.01178 0.00836 0.372 
93 0.228 77.4 2.00 3.73 0.01105 0.00640 0.317 
97 0.217 76.4 1.93 3.67 0.01056 0.00640 0.317 
101 0.206 69.4 1.63 3.78 0.01123 0.00705 0.329 
105 0.192 59.8 4.27 -- 0.01149 0.00645 0.272 
109 0.206 52.7 -2.03 6.44 0.01315 0.00943 0.324 
113 0.179 51.2 -6.32 -- 0.01237 0.00820 0.315 
117 0.173 46.4 -0.94 4.30 0.01472 0.01260 0.344 
121 0.170 42.7 -1.76 6.08 0.01368 0.00975 0.323 
125 0.153 43.7 -1.44 4.97 0.01275 0.00878 0.312 
129 0.151 40.0 -1.18 4.02 0.01362 0.01077 0.351 
133 0.163 43.2 -1.13 4.46 0.01433 0.01025 0.318 
137 0.226 49.2 -1.19 -- 0.01795 0.01405 0.404 
141 0.208 46.0 -1.25 -- 0.01773 0.01388 0.412 
145 0.213 46.4 -1.05 -- 0.01901 0.01446 0.383 
150 0.227 45.0 -1.30 -- 0.01926 0.01254 0.360 
155 0.281 47.8 -1.46 -- 0.02223 0.01709 0.460 
160 0.437 48.4 -1.98 -- 0.02557 0.02060 0.538 
165 0.408 49.0 -2.93 -- 0.02607 0.02039 0.551 
170 0.441 50.9 -4.65 -- 0.02743 0.02140 0.575 
175 0.659 36.5 -8.78 -- 0.02847 0.02301 0.624 
180 0.702 31.3 -1.50 -- 0.03213 0.02890 0.688 
185 0.774 28.3 -5.45 -- 0.03051 0.02549 0.675 
190 0.809 22.4 -- -- 0.02988 0.02418 0.645 
195 0.857 10.5 -6.08 -- 0.02721 0.02374 0.638 
200 0.904 11.6 -- -- 0.02821 0.02171 0.630 
205 0.933 8.9 0.95 -- 0.02697 0.01592 0.576 
211 0.963 4.8 -- -- 0.02442 0.02125 0.607 
217 0.961 3.4 -1.95 -- 0.02225 0.01871 0.561 
223 0.971 3.5 2.47 -- 0.02037 0.01590 0.521 
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229 0.987 2.1 -1.95 -- 0.02484 0.01882 0.559 
235 0.994 0.9 2.77 -- 0.02518 0.01229 0.399 
 
 
Rough bed 1: Fr1 = 6.5; Qw = 0.065 m
3/s; Re1=1.3×10
5; h = 20 mm; d1=3.43 cm: x = 0.65 m  
 
y [mm] C [-] F [Hz] V [m/s] Tu [-] Txx [s] Txy [s] (Rxy)max [-] 
5 0.013 16.5 1.80 0.75 0.00101 0.00035 0.059 
11 0.020 26.3 1.78 0.39 0.00091 0.00033 0.079 
17 0.029 39.3 2.03 0.74 0.00124 0.00062 0.113 
23 0.033 45.0 1.98 0.87 0.00138 0.00090 0.128 
29 0.044 55.6 2.16 1.08 0.00178 0.00105 0.148 
35 0.050 64.9 2.16 0.85 0.00148 0.00106 0.154 
41 0.069 80.4 2.26 1.13 0.00233 0.00182 0.207 
46 0.073 82.7 2.26 1.40 0.00209 0.00162 0.211 
51 0.077 83.9 2.14 1.17 0.00251 0.00183 0.209 
56 0.089 90.0 2.05 1.05 0.00237 0.00173 0.207 
61 0.089 85.5 2.05 1.16 0.00219 0.00173 0.204 
66 0.100 89.5 2.03 1.27 0.00280 0.00181 0.201 
70 0.110 96.5 1.80 1.30 0.00303 0.00184 0.200 
74 0.111 85.0 1.98 1.60 0.00332 0.00213 0.191 
78 0.124 93.9 2.00 1.62 0.00354 0.00224 0.202 
82 0.134 101.9 1.90 1.46 0.00351 0.00234 0.206 
86 0.126 85.2 1.70 1.49 0.00423 0.00242 0.222 
90 0.131 83.6 1.98 2.28 0.00417 0.00278 0.192 
95 0.122 76.8 1.78 1.91 0.00421 0.00291 0.202 
100 0.123 74.5 1.61 2.11 0.00469 0.00261 0.178 
105 0.123 71.0 1.63 1.73 0.00389 0.00192 0.152 
110 0.131 69.9 1.31 1.51 0.00482 0.00238 0.166 
115 0.116 63.0 1.76 2.31 0.00441 0.00289 0.161 
120 0.137 65.8 1.22 1.53 0.00554 0.00262 0.168 
125 0.124 58.8 0.98 1.07 0.00622 0.00223 0.154 
130 0.123 50.9 1.15 2.77 0.00670 0.00352 0.169 
135 0.115 48.2 1.50 2.17 0.00811 0.00349 0.200 
140 0.108 44.1 2.39 6.47 0.00772 0.00319 0.136 
145 0.106 41.8 1.36 1.69 0.00631 0.00285 0.164 
150 0.118 41.1 2.36 5.28 0.00866 0.00416 0.193 
155 0.114 41.5 1.08 2.58 0.00711 0.00283 0.144 
160 0.105 38.7 -- -- 0.00812 0.00386 0.158 
165 0.100 33.2 4.79 -- 0.00862 0.00327 0.126 
170 0.089 28.7 -- -- 0.00944 0.00461 0.161 
175 0.097 29.5 -4.94 -- 0.01070 0.00498 0.182 
180 0.093 27.6 -2.87 -- 0.01198 0.00555 0.188 
185 0.110 30.8 -2.59 -- 0.01307 0.00745 0.215 
190 0.102 24.4 -3.76 -- 0.01844 0.01088 0.311 
195 0.134 29.8 0.66 0.76 0.01816 0.00687 0.291 
200 0.179 32.1 1.33 -- 0.02198 0.01037 0.364 
205 0.252 31.0 -2.11 -- 0.02797 0.02141 0.527 
210 0.331 33.0 3.51 -- 0.02921 0.01949 0.569 
215 0.402 29.2 1.36 -- 0.03367 0.02236 0.690 
220 0.588 26.0 1.34 -- 0.03485 0.02346 0.732 
225 0.640 25.4 2.43 -- 0.03375 0.02411 0.699 
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230 0.721 20.2 2.63 -- 0.03576 0.02590 0.741 
235 0.844 14.9 1.50 -- 0.03312 0.02294 0.703 
236 0.800 14.9 1.46 -- 0.03373 0.02379 0.734 
240 0.842 11.9 1.72 -- 0.03553 0.02505 0.767 
245 0.895 7.7 1.49 -- 0.03354 0.02289 0.718 
250 0.956 4.5 1.42 -- 0.02871 0.02047 0.674 
255 0.955 4.3 0.69 -- 0.02876 0.01679 0.667 
262 0.981 2.1 1.01 -- 0.02074 0.01458 0.598 
269 0.991 1.0 3.59 -- 0.02353 0.01468 0.448 
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Rough bed 1: Fr1 = 6.5; Qw = 0.065 m
3/s; Re1=1.3×10
5; h = 20 mm; d1=3.43 cm: x = 0.88 m  
 
y [mm] C [-] F [Hz] V [m/s] Tu [-] Txx [s] Txy [s] (Rxy)max [-] 
5 0.005 4.0 1.27 0.95 0.00121 0.00031 0.044 
11 0.011 7.8 1.28 0.60 0.00281 0.00056 0.058 
17 0.017 13.9 1.28 0.45 0.00166 0.00059 0.102 
23 0.020 16.5 1.39 0.51 0.00177 0.00071 0.077 
29 0.023 20.4 1.66 0.89 0.00191 0.00066 0.097 
35 0.027 25.9 1.58 0.88 0.00149 0.00069 0.091 
41 0.030 28.0 1.50 0.70 0.00168 0.00079 0.110 
47 0.036 32.6 1.60 0.81 0.00150 0.00090 0.126 
53 0.036 32.7 1.68 0.79 0.00171 0.00077 0.112 
59 0.044 41.9 1.84 1.28 0.00173 0.00115 0.125 
65 0.048 41.1 1.68 1.35 0.00176 0.00096 0.118 
71 0.054 48.2 1.53 0.95 0.00204 0.00120 0.141 
77 0.057 46.9 1.65 1.46 0.00213 0.00138 0.130 
83 0.061 47.1 1.31 0.77 0.00241 0.00125 0.135 
89 0.063 46.9 1.70 1.38 0.00260 0.00135 0.120 
95 0.065 47.6 1.49 1.07 0.00269 0.00157 0.152 
101 0.065 48.0 1.42 1.08 0.00203 0.00101 0.122 
107 0.069 46.8 1.11 0.88 0.00309 0.00131 0.122 
113 0.072 48.1 1.36 0.98 0.00226 0.00106 0.127 
119 0.076 50.0 1.61 1.16 0.00299 0.00173 0.141 
125 0.081 48.7 1.76 1.89 0.00291 0.00171 0.137 
131 0.076 44.7 1.41 1.53 0.00343 0.00189 0.143 
137 0.078 40.4 1.37 1.20 0.00333 0.00164 0.148 
143 0.079 40.6 1.37 1.42 0.00415 0.00154 0.130 
149 0.080 39.6 1.22 1.73 0.00476 0.00245 0.165 
155 0.076 36.2 1.52 1.87 0.00388 0.00169 0.112 
161 0.078 34.9 1.07 2.05 0.00493 0.00231 0.152 
167 0.087 38.2 1.40 1.58 0.00494 0.00190 0.136 
173 0.084 33.9 1.33 1.93 0.00555 0.00198 0.132 
179 0.076 28.1 1.35 1.97 0.00588 0.00198 0.111 
185 0.077 27.1 1.05 1.97 0.00635 0.00242 0.143 
191 0.075 25.2 1.19 3.28 0.00673 0.00228 0.102 
197 0.079 26.2 1.14 2.89 0.00705 0.00267 0.136 
203 0.079 25.1 1.68 5.29 0.00785 0.00291 0.128 
209 0.071 24.8 0.89 2.01 0.00551 0.00269 0.133 
215 0.075 22.6 0.92 1.98 0.00740 0.00171 0.102 
221 0.079 22.9 0.86 0.81 0.00765 0.00289 0.118 
227 0.083 21.4 0.96 0.77 0.00930 0.00344 0.159 
233 0.083 18.3 0.93 0.74 0.01163 0.00478 0.195 
234 0.119 23.7 0.61 0.78 0.01664 0.00716 0.319 
239 0.108 21.9 0.96 0.70 0.01470 0.00735 0.274 
245 0.166 23.7 0.73 0.23 0.02044 0.01130 0.455 
251 0.254 22.8 0.84 -- 0.02900 0.01672 0.605 
257 0.334 21.7 1.19 -- 0.03151 0.02106 0.680 
263 0.559 20.7 0.74 -- 0.03343 0.02030 0.737 
269 0.721 15.4 0.89 -- 0.03389 0.02204 0.762 
275 0.855 9.7 0.96 -- 0.03311 0.02263 0.770 
281 0.923 6.9 0.94 -- 0.02997 0.02188 0.782 
288 0.961 3.8 0.82 -- 0.02644 0.01740 0.664 
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295 0.987 1.7 0.92 -- 0.03185 0.02125 0.762 
302 0.995 0.7 0.82 -- 0.02347 0.01221 0.488 
 
 
Rough bed 1: Fr1 = 6.5; Qw = 0.065 m
3/s; Re1=1.3×10
5; h = 20 mm; d1=3.43 cm: x = 1.08 m  
 
y [mm] C [-] F [Hz] V [m/s] Tu [-] Txx [s] Txy [s] (Rxy)max [-] 
5 0.001 0.7 0.87 -- 0.02409 0.01088 0.395 
15 0.004 1.8 0.79 0.82 0.01578 0.00521 0.246 
25 0.008 3.9 0.85 1.42 0.00878 0.00288 0.160 
35 0.011 4.7 1.07 1.37 0.00751 0.00244 0.146 
45 0.011 5.4 1.00 0.45 0.00495 0.00093 0.110 
55 0.016 7.6 1.22 1.64 0.00449 0.00146 0.108 
65 0.022 11.9 1.22 1.64 0.00400 0.00161 0.114 
75 0.025 11.8 0.89 1.05 0.00368 0.00116 0.105 
83 0.024 12.7 1.22 0.82 0.00377 0.00137 0.117 
91 0.028 15.4 1.04 1.15 0.00407 0.00139 0.110 
99 0.029 16.3 1.28 1.03 0.00367 0.00113 0.104 
107 0.033 17.4 1.12 1.32 0.00310 0.00116 0.102 
115 0.038 21.0 1.07 0.71 0.00299 0.00116 0.119 
123 0.040 19.6 1.06 0.60 0.00337 0.00122 0.119 
131 0.040 22.4 1.21 0.88 0.00318 0.00133 0.123 
139 0.045 23.2 1.13 1.04 0.00315 0.00134 0.136 
147 0.048 21.4 0.81 0.55 0.00402 0.00096 0.130 
155 0.047 20.1 1.01 0.65 0.00360 0.00122 0.103 
163 0.050 23.7 0.99 0.86 0.00334 0.00154 0.121 
171 0.054 23.1 1.12 1.25 0.00402 0.00182 0.124 
179 0.062 24.3 0.97 1.11 0.00404 0.00154 0.123 
187 0.053 20.1 0.86 1.13 0.00428 0.00178 0.121 
195 0.058 21.8 1.00 1.32 0.00510 0.00241 0.146 
203 0.063 20.8 0.95 1.15 0.00485 0.00220 0.142 
211 0.054 20.2 0.96 0.89 0.00439 0.00138 0.104 
219 0.058 19.1 0.95 2.53 0.00518 0.00217 0.120 
227 0.068 19.4 0.88 2.22 0.00601 0.00312 0.157 
235 0.080 20.0 0.92 2.82 0.00961 0.00506 0.228 
236 0.071 18.6 0.95 2.72 0.00676 0.00302 0.138 
243 0.096 20.2 0.75 0.79 0.01205 0.00668 0.287 
251 0.174 23.1 0.89 -- 0.02423 0.01562 0.581 
259 0.322 25.9 0.75 -- 0.02809 0.01762 0.691 
267 0.567 27.2 0.92 -- 0.03067 0.02112 0.774 
275 0.792 16.4 0.93 -- 0.03220 0.02263 0.823 
283 0.935 8.2 1.02 -- 0.02862 0.02078 0.769 
291 0.981 3.1 0.79 -- 0.02115 0.01623 0.691 
299 0.996 0.5 1.02 3.09 0.02048 0.01067 0.474 
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E.2: Experimental data on rough bed 2 
 
Rough bed 2: Fr1 = 3.8; Qw = 0.106 m
3/s; Re1=2.1×10
5; h = 52 mm; d1=6.8 cm: x = -0.15 m 
(upstream of hydraulic jump) 
 
y [mm] C [-] F [Hz] V [m/s] Tu [-] Txx [s] Txy [s] (Rxy)max [-] 
6 0.000 0.3 2.32 0.84 0.00066 0.00028 0.068 
10 0.000 0.5 2.55 0.66 0.00057 0.00028 0.084 
14 0.006 11.1 2.32 0.33 0.00079 0.00046 0.191 
18 0.007 13.7 2.77 0.62 0.00076 0.00065 0.201 
22 0.012 22.0 2.72 0.50 0.00104 0.00085 0.267 
26 0.012 21.1 3.16 0.52 0.00116 0.00099 0.336 
30 0.014 22.4 3.10 0.50 0.00141 0.00112 0.364 
34 0.018 26.6 3.29 0.58 0.00161 0.00136 0.441 
38 0.029 38.9 3.29 0.68 0.00182 0.00175 0.489 
42 0.038 46.0 3.51 0.63 0.00210 0.00180 0.511 
46 0.047 48.5 3.51 0.69 0.00322 0.00222 0.565 
50 0.064 57.4 3.67 0.78 0.00267 0.00236 0.591 
54 0.085 66.6 3.76 0.79 0.00336 0.00289 0.628 
57 0.112 75.2 3.85 0.96 0.00458 0.00408 0.660 
60 0.149 84.5 3.95 1.06 0.00431 0.00427 0.706 
63 0.224 94.2 4.05 1.06 0.00529 0.00465 0.741 
66 0.369 106.1 4.05 1.21 0.00573 0.00533 0.800 
69 0.462 107.0 4.05 1.32 0.00606 0.00601 0.824 
72 0.593 108.1 4.16 1.28 0.00639 0.00589 0.834 
75 0.724 84.1 4.16 1.38 0.00591 0.00614 0.841 
78 0.804 76.2 4.16 1.24 0.00566 0.00595 0.834 
81 0.867 64.4 4.05 1.07 0.00573 0.00585 0.829 
84 0.916 42.3 4.05 0.97 0.00556 0.00590 0.841 
87 0.942 30.5 4.16 1.02 0.00547 0.00526 0.836 
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Rough bed 2: Fr1 = 3.8; Qw = 0.106 m
3/s; Re1=2.1×10
5; h = 52 mm; d1=6.8 cm: x = 0.15 m  
 
y [mm] C [-] F [Hz] V [m/s] Tu [-] Txx [s] Txy [s] (Rxy)max [-] 
5 0.000 0.1 1.10 0.09 0.00107 0.00039 0.053 
17 0.000 0.1 1.66 0.39 0.00080 0.00024 0.062 
35 0.000 0.2 2.55 0.53 0.00125 0.00088 0.269 
41 0.021 31.7 2.77 0.70 0.00161 0.00148 0.349 
46 0.026 37.3 2.98 0.70 0.00171 0.00153 0.376 
51 0.037 49.0 3.04 0.82 0.00259 0.00218 0.426 
56 0.047 58.2 3.16 0.84 0.00237 0.00207 0.457 
61 0.065 70.6 3.16 1.15 0.00381 0.00344 0.524 
66 0.089 85.6 3.29 1.25 0.00413 0.00381 0.567 
70 0.111 101.9 3.22 1.56 0.00495 0.00434 0.587 
74 0.173 120.8 3.16 1.84 0.00538 0.00527 0.625 
78 0.198 132.0 3.29 1.82 0.00541 0.00525 0.622 
82 0.223 145.8 3.10 1.96 0.00531 0.00522 0.599 
86 0.295 153.7 3.10 2.09 0.00600 0.00570 0.609 
90 0.360 148.6 3.22 2.43 0.00682 0.00650 0.617 
94 0.373 152.9 3.04 2.56 0.00735 0.00676 0.576 
98 0.392 141.7 2.87 2.63 0.00772 0.00716 0.576 
102 0.364 138.7 2.72 2.68 0.00767 0.00696 0.544 
106 0.390 110.8 2.68 3.35 0.01007 0.00851 0.528 
110 0.392 96.6 2.29 3.66 0.01243 0.00959 0.499 
114 0.405 87.5 2.59 4.68 0.01395 0.01058 0.523 
118 0.373 81.6 2.59 5.48 0.01436 0.01065 0.498 
122 0.355 63.2 2.63 7.76 0.01740 0.01243 0.503 
126 0.348 58.8 2.87 8.19 0.01781 0.01217 0.488 
130 0.314 55.2 2.68 8.66 0.01878 0.01320 0.508 
134 0.311 52.4 4.65 -- 0.01818 0.01264 0.488 
138 0.303 52.1 -6.58 -- 0.01794 0.01487 0.474 
142 0.283 46.3 -1.50 5.85 0.01721 0.01394 0.431 
146 0.260 43.6 -1.61 5.36 0.01636 0.01323 0.435 
151 0.306 46.2 -1.41 5.83 0.01774 0.01505 0.457 
156 0.395 48.7 -1.15 -- 0.02065 0.01798 0.505 
161 0.331 46.7 -1.35 6.29 0.01848 0.01641 0.477 
166 0.397 49.0 -1.34 -- 0.02039 0.01749 0.480 
171 0.504 47.1 -1.20 -- 0.02243 0.02067 0.575 
176 0.594 43.2 -1.90 -- 0.02266 0.01978 0.568 
181 0.567 41.9 -2.14 -- 0.02474 0.02013 0.563 
186 0.640 40.2 -1.36 -- 0.02470 0.02216 0.591 
192 0.734 34.0 -2.23 -- 0.02366 0.02050 0.584 
198 0.819 21.9 -2.72 -- 0.02566 0.02196 0.611 
204 0.918 12.6 -4.39 -- 0.02417 0.01897 0.538 
210 0.918 11.6 -- -- 0.02404 0.02043 0.592 
216 0.916 10.7 -8.78 -- 0.02312 0.01913 0.551 
222 0.873 8.7 -4.79 -- 0.02506 0.02079 0.615 
228 0.969 3.6 1.74 -- 0.02189 0.01422 0.502 
235 0.948 5.1 1.45 -- 0.02181 0.01384 0.503 
242 0.974 3.6 -1.44 6.42 0.01755 0.01501 0.443 
250 0.978 2.3 2.32 -- 0.02087 0.01070 0.417 
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Rough bed 2: Fr1 = 3.8; Qw = 0.106 m
3/s; Re1=2.1×10
5; h = 52 mm; d1=6.8 cm: x = 0.25 m 
 
y [mm] C [-] F [Hz] V [m/s] Tu [-] Txx [s] Txy [s] (Rxy)max [-] 
5 0.000 0.4 0.20 0.85 0.00070 0.00000 0.022 
12 0.004 5.9 1.56 0.34 0.00088 0.00020 0.051 
19 0.000 1.0 2.05 0.50 0.00066 0.00027 0.070 
26 0.001 1.4 2.63 0.63 0.00094 0.00061 0.141 
33 0.001 2.8 2.39 0.54 0.00099 0.00069 0.153 
40 0.003 4.4 2.82 0.65 0.00140 0.00127 0.268 
47 0.021 32.7 3.04 0.99 0.00213 0.00198 0.312 
54 0.031 43.6 2.77 0.89 0.00231 0.00188 0.355 
61 0.047 56.9 2.93 1.23 0.00341 0.00312 0.437 
68 0.066 74.7 2.93 1.43 0.00349 0.00309 0.419 
74 0.093 90.4 2.93 1.65 0.00430 0.00398 0.476 
80 0.157 118.2 3.16 1.85 0.00515 0.00497 0.551 
85 0.146 118.0 2.82 2.05 0.00540 0.00486 0.476 
90 0.165 125.2 2.77 1.77 0.00445 0.00420 0.448 
95 0.226 135.8 2.63 2.02 0.00562 0.00534 0.484 
100 0.252 129.2 2.55 2.25 0.00625 0.00546 0.463 
105 0.293 125.4 2.43 2.73 0.00684 0.00634 0.482 
110 0.319 114.9 2.77 3.05 0.00828 0.00639 0.463 
115 0.292 96.9 2.59 3.81 0.01106 0.00814 0.462 
120 0.309 99.1 2.26 3.28 0.01047 0.00797 0.464 
125 0.298 82.1 2.29 3.76 0.01188 0.00842 0.442 
130 0.278 71.3 2.63 4.76 0.01275 0.00873 0.432 
135 0.303 67.5 2.32 4.80 0.01394 0.00915 0.435 
140 0.278 58.4 1.86 4.04 0.01477 0.00948 0.437 
145 0.230 44.4 -1.84 6.58 0.01578 0.01301 0.424 
150 0.251 47.2 -2.72 -- 0.01726 0.01338 0.438 
155 0.202 45.7 4.79 -- 0.01460 0.00878 0.360 
160 0.233 43.7 -1.32 5.10 0.01653 0.01361 0.436 
165 0.239 42.7 -1.82 7.86 0.01645 0.01393 0.433 
171 0.265 45.8 -1.31 5.84 0.01903 0.01579 0.477 
177 0.242 42.1 -1.40 4.57 0.01729 0.01336 0.445 
183 0.311 45.2 -1.45 -- 0.02161 0.01703 0.504 
189 0.339 37.5 -1.49 -- 0.02236 0.01938 0.531 
195 0.512 42.8 -1.28 -- 0.02320 0.02005 0.554 
201 0.610 36.7 -1.63 -- 0.02570 0.02284 0.594 
207 0.568 34.8 -1.80 -- 0.02723 0.02284 0.604 
213 0.830 20.9 -2.55 -- 0.02750 0.02344 0.619 
219 0.777 22.2 -1.65 -- 0.02735 0.02461 0.649 
225 0.723 25.9 -2.08 -- 0.02847 0.02526 0.662 
232 0.898 11.3 -4.27 -- 0.02600 0.02241 0.640 
239 0.936 7.8 2.59 -- 0.02512 0.01899 0.609 
246 0.943 7.3 -1.53 -- 0.02605 0.02420 0.646 
250 0.931 7.6 6.87 -- 0.02701 0.02116 0.619 
251 0.971 5.0 -1.14 -- 0.02406 0.02428 0.592 
257 0.978 3.1 -- -- 0.02019 0.01539 0.502 
264 0.968 4.5 5.10 -- 0.02244 0.01646 0.602 
271 0.980 3.6 -4.65 -- 0.02291 0.01930 0.568 
278 0.984 1.9 -5.85 -- 0.02373 0.01491 0.442 
285 0.996 0.7 0.78 0.63 0.01895 0.00294 0.263 
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Rough bed 2: Fr1 = 3.8; Qw = 0.106 m
3/s; Re1=2.1×10
5; h = 52 mm; d1=6.8 cm: x = 0.42 m 
 
y [mm] C [-] F [Hz] V [m/s] Tu [-] Txx [s] Txy [s] (Rxy)max [-] 
5 0.005 3.9 0.75 0.24 0.00131 0.00025 0.043 
12 0.006 6.7 1.23 0.32 0.00102 0.00017 0.034 
19 0.007 8.1 0.67 0.17 0.00104 0.00010 0.036 
26 0.009 11.6 1.72 0.40 0.00128 0.00055 0.103 
33 0.011 14.9 1.93 0.58 0.00118 0.00068 0.119 
40 0.014 19.6 2.08 0.69 0.00101 0.00058 0.122 
47 0.015 22.4 2.05 0.81 0.00122 0.00086 0.142 
54 0.022 30.8 2.26 0.84 0.00133 0.00113 0.205 
61 0.026 37.0 2.47 0.91 0.00172 0.00137 0.214 
68 0.033 47.2 2.47 0.99 0.00233 0.00199 0.258 
75 0.049 61.8 2.63 1.45 0.00278 0.00240 0.284 
81 0.056 68.2 2.51 1.17 0.00228 0.00225 0.275 
87 0.070 77.6 2.43 1.33 0.00308 0.00259 0.274 
93 0.081 85.4 2.43 1.36 0.00311 0.00278 0.300 
99 0.100 98.4 2.23 1.25 0.00308 0.00273 0.303 
105 0.117 100.5 2.39 2.10 0.00440 0.00397 0.322 
110 0.130 109.2 2.32 1.77 0.00416 0.00369 0.323 
115 0.161 114.0 2.36 2.39 0.00485 0.00401 0.331 
120 0.156 107.6 2.29 2.34 0.00454 0.00373 0.291 
125 0.174 101.9 1.98 2.20 0.00575 0.00444 0.312 
130 0.155 97.3 1.82 1.72 0.00466 0.00348 0.261 
135 0.176 95.2 1.84 1.93 0.00604 0.00452 0.310 
140 0.175 89.9 2.32 2.99 0.00541 0.00410 0.281 
145 0.198 85.3 1.93 2.97 0.00727 0.00529 0.314 
150 0.187 80.6 1.74 2.59 0.00792 0.00541 0.312 
155 0.192 74.6 1.63 2.35 0.00723 0.00451 0.271 
160 0.189 66.5 2.08 4.06 0.00897 0.00531 0.271 
165 0.206 55.3 1.66 3.57 0.01175 0.00659 0.306 
170 0.173 52.6 2.55 5.48 0.01009 0.00640 0.294 
175 0.181 53.3 4.27 9.92 0.00996 0.00656 0.285 
180 0.145 44.6 4.51 -- 0.01025 0.00652 0.260 
185 0.171 46.1 4.05 -- 0.01021 0.00704 0.290 
190 0.158 41.0 -3.95 -- 0.01153 0.00738 0.269 
195 0.123 36.7 -- -- 0.01012 0.00758 0.287 
200 0.126 33.8 -1.13 3.91 0.01036 0.00840 0.283 
205 0.150 38.4 -2.77 -- 0.01267 0.00856 0.268 
210 0.168 36.2 -1.46 4.97 0.01286 0.00941 0.308 
215 0.182 37.5 -2.77 -- 0.01612 0.01153 0.355 
221 0.192 36.0 -1.08 -- 0.01871 0.01573 0.406 
227 0.284 38.0 -3.67 -- 0.02242 0.01609 0.472 
233 0.247 38.2 -1.48 -- 0.02173 0.01975 0.509 
239 0.344 37.6 -1.53 -- 0.02619 0.02173 0.546 
245 0.366 35.7 -- -- 0.02664 0.02057 0.607 
246 0.438 36.6 -1.36 -- 0.02791 0.02558 0.611 
251 0.510 29.1 -- -- 0.02940 0.02336 0.645 
257 0.577 28.4 4.51 -- 0.03030 0.02358 0.688 
263 0.652 25.9 4.79 -- 0.03001 0.02348 0.669 
269 0.780 18.3 3.85 -- 0.03032 0.02403 0.705 
275 0.887 10.0 2.59 -- 0.02838 0.02146 0.663 
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281 0.923 7.6 4.65 -- 0.03021 0.02429 0.686 
288 0.955 5.0 2.32 -- 0.02407 0.01659 0.572 
295 0.973 4.1 1.63 -- 0.02236 0.01568 0.544 
302 0.977 2.6 2.16 -- 0.02498 0.01320 0.449 
309 0.994 0.8 1.28 4.36 0.01888 0.01085 0.480 
 
 
Rough bed 2: Fr1 = 3.8; Qw = 0.106 m
3/s; Re1=2.1×10
5; h = 52 mm; d1=6.8 cm: x = 0.63 m  
 
y [mm] C [-] F [Hz] V [m/s] Tu [-] Txx [s] Txy [s] (Rxy)max [-] 
5 0.002 1.1 0.60 0.05 0.00111 0.00006 0.038 
15 0.003 2.3 0.95 0.20 0.00107 0.00007 0.034 
25 0.005 4.3 0.81 0.44 0.00147 0.00029 0.045 
35 0.007 7.4 1.07 0.41 0.00108 0.00016 0.047 
45 0.008 8.8 1.04 0.41 0.00098 0.00027 0.056 
55 0.008 10.2 1.74 0.58 0.00091 0.00037 0.060 
65 0.012 14.5 1.78 0.59 0.00108 0.00060 0.096 
75 0.014 18.0 1.48 0.56 0.00121 0.00052 0.083 
85 0.017 20.3 1.44 0.70 0.00136 0.00087 0.110 
95 0.019 24.4 2.11 0.91 0.00108 0.00082 0.116 
105 0.026 32.8 2.36 1.01 0.00137 0.00096 0.130 
113 0.029 37.0 2.14 1.05 0.00132 0.00103 0.131 
121 0.033 39.6 2.29 1.41 0.00158 0.00110 0.140 
129 0.038 42.9 2.00 0.95 0.00136 0.00092 0.102 
137 0.044 45.0 1.80 0.98 0.00180 0.00124 0.162 
145 0.047 48.3 1.98 1.05 0.00176 0.00117 0.152 
152 0.058 52.9 1.88 1.30 0.00307 0.00142 0.154 
159 0.065 51.7 1.93 1.29 0.00292 0.00170 0.158 
165 0.064 56.0 1.65 1.17 0.00248 0.00159 0.162 
171 0.071 51.7 1.72 1.48 0.00247 0.00156 0.143 
177 0.085 56.5 1.55 1.27 0.00348 0.00193 0.161 
183 0.088 58.1 1.19 1.25 0.00340 0.00186 0.135 
189 0.086 51.2 1.50 1.17 0.00331 0.00166 0.144 
195 0.096 50.8 1.72 3.02 0.00481 0.00282 0.157 
200 0.093 50.2 2.11 2.72 0.00430 0.00266 0.165 
205 0.090 45.2 1.61 2.21 0.00415 0.00188 0.140 
210 0.101 52.6 1.21 2.04 0.00432 0.00259 0.150 
215 0.093 42.4 1.74 2.33 0.00440 0.00205 0.138 
220 0.090 39.8 1.84 4.35 0.00519 0.00293 0.131 
225 0.096 37.6 0.97 1.93 0.00549 0.00245 0.141 
230 0.090 36.8 1.31 1.82 0.00508 0.00258 0.149 
235 0.089 36.5 1.14 1.88 0.00555 0.00240 0.150 
240 0.081 30.3 2.26 4.69 0.00508 0.00218 0.114 
245 0.095 34.7 1.18 1.64 0.00555 0.00213 0.131 
250 0.098 33.5 1.26 2.78 0.00559 0.00204 0.129 
255 0.094 33.9 1.53 3.07 0.00666 0.00236 0.138 
260 0.075 24.6 0.92 1.32 0.00591 0.00189 0.100 
265 0.093 27.2 2.19 5.86 0.00789 0.00352 0.149 
270 0.096 28.5 1.05 3.13 0.00780 0.00331 0.169 
275 0.129 27.0 0.95 0.68 0.01625 0.00918 0.351 
280 0.150 26.3 3.85 -- 0.01962 0.01376 0.413 
285 0.187 29.4 1.03 -- 0.02056 0.01220 0.442 
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290 0.383 26.4 1.60 -- 0.02819 0.01988 0.632 
295 0.389 24.5 1.39 -- 0.02980 0.02112 0.673 
300 0.458 23.4 1.16 -- 0.03075 0.02063 0.679 
305 0.575 18.4 1.45 -- 0.03326 0.02392 0.739 
310 0.705 14.0 1.01 -- 0.03273 0.02230 0.754 
315 0.767 12.6 1.03 -- 0.03193 0.02121 0.714 
320 0.853 9.4 1.04 -- 0.02921 0.02101 0.737 
325 0.929 5.1 0.85 -- 0.02754 0.01921 0.723 
331 0.921 5.6 0.98 -- 0.02899 0.01923 0.728 
337 0.962 2.9 0.77 -- 0.03222 0.01731 0.650 
344 0.982 2.0 1.35 -- 0.02570 0.01584 0.535 
351 0.986 1.8 1.46 -- 0.02723 0.01527 0.518 
359 0.996 0.6 0.93 -- 0.02772 0.00577 0.234 
 
 
Rough bed 2: Fr1 = 3.8; Qw = 0.106 m
3/s; Re1=2.1×10
5; h = 52 mm; d1=6.8 cm: x = 0.91 m 
 
y [mm] C [-] F [Hz] V [m/s] Tu [-] Txx [s] Txy [s] (Rxy)max [-] 
5 0.001 0.3 -- -- 0.00137 0.00018 0.047 
20 0.002 0.7 0.77 -- 0.00176 0.00008 0.036 
35 0.002 0.8 0.49 0.10 0.00158 0.00041 0.057 
50 0.004 1.8 0.87 -- 0.00176 0.00006 0.056 
65 0.005 2.8 0.68 -- 0.00158 0.00013 0.028 
80 0.007 4.8 1.22 0.48 0.00137 0.00024 0.053 
95 0.008 6.1 2.68 2.16 0.00136 0.00057 0.052 
105 0.011 8.2 1.25 0.25 0.00173 0.00034 0.045 
115 0.011 8.9 1.28 0.35 0.00124 0.00031 0.071 
125 0.013 11.2 1.60 0.79 0.00116 0.00039 0.060 
135 0.016 13.0 1.16 0.32 0.00143 0.00044 0.078 
145 0.016 15.4 1.60 0.98 0.00120 0.00040 0.063 
155 0.019 17.7 1.45 0.35 0.00118 0.00046 0.087 
165 0.024 21.7 1.66 0.64 0.00127 0.00052 0.099 
173 0.028 23.1 1.44 0.67 0.00127 0.00068 0.121 
181 0.027 22.7 1.52 0.90 0.00167 0.00102 0.124 
189 0.026 22.8 1.32 0.55 0.00138 0.00066 0.114 
197 0.029 23.7 1.50 0.69 0.00165 0.00086 0.111 
205 0.033 25.4 1.40 0.69 0.00222 0.00118 0.120 
213 0.036 23.5 1.33 0.75 0.00248 0.00082 0.108 
221 0.039 26.2 1.07 0.61 0.00203 0.00099 0.102 
229 0.044 27.2 1.15 0.68 0.00237 0.00131 0.133 
237 0.042 27.4 1.10 0.82 0.00201 0.00114 0.115 
245 0.054 32.4 1.17 0.62 0.00265 0.00116 0.139 
246 0.048 28.0 1.15 1.09 0.00275 0.00114 0.109 
253 0.052 27.5 1.32 1.18 0.00336 0.00203 0.152 
261 0.052 28.8 1.41 1.52 0.00247 0.00148 0.112 
269 0.053 26.3 1.22 1.29 0.00242 0.00130 0.114 
277 0.063 27.0 1.60 2.30 0.00410 0.00228 0.137 
285 0.066 29.7 0.91 0.90 0.00282 0.00125 0.123 
293 0.075 28.6 1.08 1.45 0.00589 0.00316 0.181 
300 0.085 28.3 0.90 2.07 0.00771 0.00489 0.266 
306 0.110 29.2 0.84 2.51 0.00987 0.00625 0.298 
312 0.123 26.2 1.15 3.73 0.01301 0.00866 0.360 
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318 0.253 31.4 1.08 -- 0.02193 0.01646 0.620 
324 0.385 32.6 0.99 -- 0.02545 0.01874 0.734 
330 0.487 28.4 0.95 -- 0.02834 0.02079 0.785 
336 0.603 24.4 1.00 -- 0.02788 0.02070 0.789 
342 0.727 18.8 1.17 -- 0.02892 0.02237 0.813 
348 0.837 13.1 0.94 -- 0.02722 0.02124 0.825 
354 0.909 7.6 1.09 -- 0.02593 0.02075 0.811 
360 0.951 5.4 1.22 2.91 0.02305 0.02008 0.820 
366 0.970 3.4 0.91 2.07 0.01972 0.01735 0.793 
372 0.982 2.2 1.02 2.30 0.02272 0.01624 0.739 
378 0.994 0.8 1.26 -- 0.02605 0.01528 0.657 
 
 
Rough bed 2: Fr1 = 4.2; Qw = 0.083 m
3/s; Re1=1.7×10
5; h = 36 mm; d1=5.4 cm: x = -0.15 m 
(upstream of hydraulic jump) 
 
y [mm] C [-] F [Hz] V [m/s] Tu [-] Txx [s] Txy [s] (Rxy)max [-] 
5 0.016 34.5 1.86 0.39 0.00076 0.00034 0.101 
7 0.021 43.8 2.47 0.76 0.00084 0.00048 0.124 
10 0.024 48.5 2.59 0.53 0.00087 0.00060 0.187 
13 0.030 56.5 2.82 0.63 0.00095 0.00076 0.239 
16 0.040 69.6 3.04 0.50 0.01223 0.00074 0.268 
19 0.041 69.4 3.10 0.59 0.00125 0.00102 0.358 
22 0.049 78.3 3.10 0.61 0.00153 0.00123 0.371 
25 0.058 81.6 3.22 0.60 0.00149 0.00139 0.452 
28 0.070 88.2 3.22 0.59 0.00164 0.00145 0.490 
31 0.086 100.8 3.29 0.59 0.00195 0.00172 0.526 
34 0.106 117.0 3.36 0.64 0.00172 0.00162 0.525 
37 0.120 111.8 3.51 0.70 0.00229 0.00218 0.592 
40 0.150 131.0 3.51 0.70 0.00221 0.00211 0.594 
43 0.174 138.2 3.67 0.76 0.00239 0.00230 0.629 
46 0.214 144.1 3.76 0.74 0.00266 0.00258 0.675 
49 0.271 156.3 3.85 0.82 0.00252 0.00251 0.707 
52 0.342 164.4 3.85 0.79 0.00296 0.00300 0.733 
55 0.455 174.0 3.85 0.80 0.00316 0.00320 0.762 
58 0.554 156.9 3.95 0.84 0.00396 0.00386 0.793 
61 0.652 146.9 3.95 0.83 0.00366 0.00394 0.799 
64 0.737 126.8 3.95 0.81 0.00383 0.00426 0.806 
67 0.806 101.5 3.95 0.78 0.00341 0.00380 0.809 
70 0.848 85.9 3.95 0.78 0.00386 0.00405 0.801 
73 0.895 68.6 3.85 0.62 0.00359 0.00417 0.804 
76 0.920 51.9 3.95 0.62 0.00386 0.00423 0.812 
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Rough bed 2: Fr1 = 4.2; Qw = 0.083 m
3/s; Re1=1.7×10
5; h = 36 mm; d1=5.4 cm: x = 0.12 m 
 
y [mm] C [-] F [Hz] V [m/s] Tu [-] Txx [s] Txy [s] (Rxy)max [-] 
5 0.017 24.1 1.20 0.21 0.00121 0.00012 0.034 
10 0.022 33.3 1.88 0.44 0.00094 0.00033 0.106 
15 0.028 46.1 2.26 0.56 0.00104 0.00056 0.158 
20 0.035 56.5 2.47 0.66 0.00107 0.00072 0.192 
25 0.038 62.0 2.68 0.64 0.00110 0.00082 0.233 
30 0.045 69.8 2.77 0.70 0.00117 0.00097 0.286 
35 0.055 81.4 2.77 0.57 0.00127 0.00089 0.302 
40 0.064 92.4 3.04 0.76 0.00159 0.00151 0.368 
45 0.073 97.0 3.10 0.73 0.00174 0.00151 0.370 
50 0.101 112.5 2.98 0.97 0.00262 0.00258 0.437 
55 0.125 132.1 3.16 1.00 0.00264 0.00250 0.457 
59 0.160 144.6 3.16 1.35 0.00342 0.00338 0.499 
63 0.210 163.8 3.10 1.34 0.00365 0.00362 0.523 
67 0.265 167.4 3.04 1.63 0.00444 0.00423 0.541 
71 0.303 166.8 2.93 1.85 0.00453 0.00441 0.527 
75 0.360 163.3 2.87 2.06 0.00543 0.00495 0.535 
79 0.398 137.6 2.82 2.74 0.00719 0.00646 0.504 
83 0.407 128.0 2.63 2.65 0.00753 0.00612 0.469 
87 0.402 103.4 2.51 3.49 0.01000 0.00800 0.477 
91 0.395 78.6 2.19 4.22 0.01337 0.00962 0.472 
95 0.402 70.5 2.55 5.66 0.01480 0.01035 0.473 
99 0.346 67.5 2.39 6.59 0.01468 0.01077 0.444 
103 0.327 53.3 2.93 8.69 0.01725 0.01267 0.491 
107 0.307 50.2 2.51 7.31 0.01567 0.01068 0.425 
111 0.287 45.8 -3.67 -- 0.01492 0.01254 0.403 
115 0.276 43.8 -1.42 5.77 0.01607 0.01289 0.393 
119 0.313 42.9 -1.27 5.02 0.01681 0.01347 0.413 
123 0.260 43.0 -1.13 4.96 0.01672 0.01339 0.382 
127 0.308 46.4 -1.02 4.47 0.01710 0.01390 0.409 
131 0.334 47.4 -1.12 4.91 0.01617 0.01298 0.377 
135 0.341 45.0 -1.03 -- 0.01850 0.01407 0.384 
139 0.437 49.2 -0.93 -- 0.01916 0.01580 0.417 
143 0.433 47.0 -1.84 -- 0.02100 0.01727 0.461 
147 0.431 46.8 -1.05 -- 0.01936 0.01648 0.424 
151 0.634 37.2 -1.33 -- 0.02320 0.02022 0.517 
155 0.657 36.5 -2.55 -- 0.02514 0.02015 0.537 
160 0.660 37.0 -3.59 -- 0.02469 0.01964 0.540 
165 0.790 27.2 1.82 -- 0.02632 0.01785 0.562 
170 0.791 25.4 -1.95 -- 0.02576 0.02171 0.557 
175 0.906 13.5 -- -- 0.02599 0.02095 0.575 
180 0.890 7.7 -- -- 0.02875 0.01828 0.516 
185 0.868 10.0 1.80 -- 0.02493 0.01868 0.598 
190 0.946 4.9 1.00 -- 0.02240 0.01532 0.525 
196 0.943 5.8 1.66 -- 0.02740 0.01864 0.614 
203 0.978 2.4 -- -- 0.02514 0.01436 0.399 
210 0.977 1.8 1.07 2.55 0.02427 0.01039 0.416 
217 0.994 0.6 2.68 -- 0.02850 0.01426 0.445 
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Rough bed 2: Fr1 = 4.2; Qw = 0.083 m
3/s; Re1=1.7×10
5; h = 36 mm; d1=5.4 cm: x = 0.2 m 
 
y [mm] C [-] F [Hz] V [m/s] Tu [-] Txx [s] Txy [s] (Rxy)max [-] 
5 0.011 16.1 1.26 0.27 0.00093 0.00012 0.029 
11 0.020 32.2 1.88 0.65 0.00086 0.00039 0.084 
17 0.026 42.3 2.26 0.75 0.00093 0.00052 0.121 
22 0.028 48.2 2.63 0.75 0.00089 0.00057 0.155 
27 0.031 54.1 2.59 0.71 0.00093 0.00070 0.197 
32 0.041 68.0 2.68 0.65 0.00133 0.00079 0.237 
37 0.047 72.3 2.72 0.61 0.00119 0.00096 0.291 
42 0.051 78.9 2.82 0.66 0.00144 0.00125 0.295 
47 0.069 95.7 2.87 0.85 0.00207 0.00182 0.343 
52 0.086 109.0 2.98 0.98 0.00243 0.00215 0.380 
57 0.112 121.4 2.98 1.19 0.00307 0.00258 0.399 
62 0.145 139.4 2.98 1.47 0.00379 0.00326 0.424 
67 0.168 144.5 2.87 1.53 0.00400 0.00364 0.440 
72 0.225 154.0 2.72 1.85 0.00469 0.00431 0.455 
77 0.263 149.3 2.77 2.12 0.00528 0.00460 0.445 
81 0.291 144.9 2.51 2.12 0.00531 0.00496 0.455 
85 0.335 126.7 2.51 2.65 0.00768 0.00629 0.469 
89 0.332 118.0 2.43 2.67 0.00797 0.00644 0.449 
93 0.337 109.5 2.19 2.99 0.00833 0.00689 0.434 
97 0.337 85.2 2.29 3.57 0.01114 0.00787 0.429 
101 0.311 76.1 1.95 4.35 0.01234 0.00913 0.426 
105 0.308 74.3 2.59 5.69 0.01185 0.00906 0.424 
110 0.284 53.2 2.16 5.72 0.01471 0.00952 0.395 
115 0.275 52.1 3.04 7.50 0.01450 0.00918 0.384 
120 0.249 43.3 -5.45 -- 0.01665 0.01228 0.419 
125 0.219 38.3 -0.99 4.07 0.01489 0.01320 0.381 
130 0.203 36.7 -1.18 4.10 0.01353 0.01035 0.326 
135 0.216 38.5 -1.11 3.74 0.01458 0.01197 0.383 
140 0.226 42.0 -1.31 4.46 0.01311 0.01024 0.343 
145 0.252 43.6 -1.09 4.40 0.01485 0.01224 0.362 
150 0.256 42.0 -1.17 5.78 0.01621 0.01266 0.369 
155 0.345 44.5 -1.33 -- 0.02014 0.01584 0.450 
160 0.400 46.7 -1.48 -- 0.02313 0.01859 0.502 
165 0.501 40.9 -1.36 -- 0.02465 0.02022 0.503 
170 0.523 42.0 -2.39 -- 0.02607 0.02158 0.574 
176 0.645 35.1 -4.27 -- 0.02648 0.02106 0.572 
182 0.764 25.5 -1.63 -- 0.02887 0.02581 0.642 
188 0.818 20.4 -6.58 -- 0.02874 0.02397 0.639 
194 0.909 12.5 5.10 -- 0.02639 0.02099 0.618 
200 0.887 8.2 4.05 -- 0.02455 0.01937 0.611 
206 0.938 3.7 -- -- 0.02639 0.02155 0.664 
213 0.964 3.9 -- -- 0.02681 0.02151 0.604 
220 0.985 1.7 -- -- 0.02194 0.01253 0.337 
227 0.988 1.6 2.68 -- 0.02293 0.01218 0.436 
234 0.989 1.6 -- -- 0.02918 0.00920 0.277 
241 0.991 1.5 1.04 -- 0.02916 0.01033 0.421 
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Rough bed 2: Fr1 = 4.2; Qw = 0.083 m
3/s; Re1=1.7×10
5; h = 36 mm; d1=5.4 cm: x = 0.33 m 
 
y [mm] C [-] F [Hz] V [m/s] Tu [-] Txx [s] Txy [s] (Rxy)max [-] 
5 0.001 0.9 1.14 0.00 0.00144 0.00019 0.038 
11 0.002 2.3 1.33 0.00 0.00111 0.00020 0.052 
17 0.002 2.1 1.44 0.00 0.00124 0.00035 0.066 
23 0.015 18.5 1.55 0.00 0.00131 0.00042 0.069 
29 0.002 3.1 2.36 0.00 0.00112 0.00053 0.084 
35 0.002 2.0 2.16 0.00 0.00134 0.00059 0.116 
41 0.001 2.0 2.19 0.00 0.00096 0.00051 0.138 
47 0.030 45.4 2.00 0.00 0.00107 0.00070 0.142 
53 0.004 5.9 2.32 0.00 0.00114 0.00069 0.188 
59 0.045 63.0 2.47 0.00 0.00151 0.00144 0.198 
65 0.052 74.0 2.51 0.00 0.00181 0.00141 0.241 
70 0.059 80.4 2.47 0.00 0.00200 0.00155 0.247 
75 0.073 87.6 2.47 0.00 0.00227 0.00217 0.257 
80 0.085 94.6 2.47 0.00 0.00263 0.00198 0.236 
85 0.073 83.6 2.29 0.00 0.00227 0.00165 0.196 
90 0.115 103.4 2.39 0.00 0.00337 0.00237 0.259 
95 0.125 107.2 2.08 0.00 0.00403 0.00272 0.243 
100 0.151 111.0 2.23 0.00 0.00358 0.00285 0.284 
105 0.179 109.6 2.39 0.00 0.00495 0.00339 0.281 
110 0.208 107.0 2.36 0.00 0.00607 0.00400 0.303 
115 0.227 97.0 1.90 0.00 0.00752 0.00464 0.297 
120 0.215 92.7 1.80 0.00 0.00708 0.00459 0.283 
125 0.205 90.4 1.66 0.00 0.00649 0.00408 0.255 
130 0.227 89.7 2.08 0.00 0.00684 0.00420 0.263 
135 0.223 84.1 1.41 0.00 0.00745 0.00417 0.231 
140 0.219 73.0 1.32 0.00 0.00916 0.00488 0.260 
145 0.201 62.4 1.45 0.00 0.00908 0.00459 0.251 
150 0.189 52.5 1.56 0.01 0.01092 0.00569 0.252 
155 0.177 53.1 2.72 0.00 0.00902 0.00446 0.203 
160 0.185 46.9 3.10 0.01 0.00998 0.00616 0.273 
165 0.182 42.2 3.67 0.01 0.01266 0.00574 0.229 
170 0.171 38.4 5.64 0.01 0.01236 0.00689 0.223 
175 0.180 36.3 4.05 0.01 0.01573 0.00993 0.324 
180 0.225 39.4 1.84 0.01 0.01586 0.00927 0.297 
185 0.310 38.0 3.67 0.01 0.02057 0.01497 0.426 
190 0.277 38.2 8.78 0.01 0.02168 0.01376 0.396 
196 0.367 36.9 5.45 0.02 0.02472 0.01779 0.490 
202 0.676 26.2 2.39 0.02 0.02873 0.01954 0.583 
208 0.701 23.3 -- 0.02 0.02974 0.02330 0.649 
214 0.742 20.1 1.74 0.02 0.03040 0.02129 0.660 
220 0.837 14.5 1.31 0.02 0.02904 0.02072 0.670 
226 0.934 7.4 2.32 0.02 0.02917 0.02069 0.631 
233 0.941 5.6 1.22 0.02 0.02912 0.02025 0.664 
240 0.979 2.1 3.04 0.02 0.02185 0.01876 0.608 
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Rough bed 2: Fr1 = 4.2; Qw = 0.083 m
3/s; Re1=1.7×10
5; h = 36 mm; d1=5.4 cm: x = 0.5 m 
 
y [mm] C [-] F [Hz] V [m/s] Tu [-] Txx [s] Txy [s] (Rxy)max [-] 
5 0.001 0.3 0.77 0.30 0.00229 0.00051 0.107 
12 0.005 3.1 0.26 0.06 0.00283 0.00008 0.037 
22 0.008 6.4 0.46 0.15 0.00183 0.00033 0.035 
32 0.012 10.7 1.48 1.12 0.00155 0.00036 0.050 
42 0.011 10.5 1.78 1.77 0.00149 0.00062 0.061 
52 0.015 15.0 1.66 0.64 0.00184 0.00079 0.096 
62 0.020 23.1 2.19 1.32 0.00112 0.00056 0.075 
72 0.019 23.9 1.86 1.10 0.00125 0.00054 0.078 
82 0.024 31.0 1.88 0.72 0.00129 0.00064 0.109 
89 0.003 4.6 1.70 0.65 0.00130 0.00067 0.115 
96 0.032 41.1 2.14 0.95 0.00135 0.00067 0.112 
103 0.035 43.9 1.90 0.69 0.00148 0.00098 0.139 
110 0.007 9.7 2.36 1.08 0.00140 0.00090 0.113 
117 0.046 52.8 1.90 0.80 0.00138 0.00091 0.139 
124 0.047 50.4 2.03 1.22 0.00186 0.00124 0.143 
131 0.047 52.0 1.86 0.92 0.00174 0.00101 0.139 
138 0.059 56.2 1.95 1.43 0.00227 0.00107 0.132 
144 0.064 58.0 1.95 1.15 0.00259 0.00142 0.140 
150 0.070 61.2 1.66 1.16 0.00258 0.00162 0.149 
156 0.082 61.7 2.05 2.27 0.00266 0.00182 0.156 
162 0.094 65.2 1.80 1.44 0.00353 0.00208 0.178 
167 0.092 62.6 2.00 2.26 0.00365 0.00234 0.165 
172 0.113 66.6 1.70 1.63 0.00411 0.00252 0.176 
177 0.117 60.2 1.60 2.13 0.00479 0.00213 0.154 
182 0.117 57.5 1.95 2.43 0.00523 0.00277 0.190 
187 0.118 58.4 1.95 2.50 0.00432 0.00209 0.147 
192 0.127 55.9 1.09 1.79 0.00537 0.00240 0.145 
197 0.119 49.6 1.40 2.30 0.00545 0.00215 0.139 
202 0.129 53.9 1.66 3.01 0.00544 0.00239 0.144 
207 0.131 52.1 1.32 2.72 0.00591 0.00249 0.149 
212 0.130 45.6 1.44 2.38 0.00599 0.00274 0.158 
217 0.134 44.5 1.84 3.97 0.00688 0.00432 0.201 
222 0.159 42.0 2.19 6.27 0.00981 0.00507 0.208 
227 0.183 40.5 1.58 0.43 0.01375 0.00861 0.309 
232 0.207 34.2 -- -- 0.01774 0.00931 0.297 
237 0.248 36.7 1.44 -- 0.01909 0.01267 0.444 
242 0.313 31.3 1.05 -- 0.02433 0.01566 0.545 
247 0.412 30.0 0.71 -- 0.02505 0.01365 0.542 
252 0.528 24.5 0.93 -- 0.02999 0.01892 0.665 
257 0.579 25.1 1.31 -- 0.02838 0.02066 0.685 
262 0.617 19.6 0.97 -- 0.03062 0.01982 0.689 
268 0.721 15.6 0.92 -- 0.03189 0.02076 0.729 
274 0.819 11.0 1.05 -- 0.03239 0.02259 0.765 
280 0.902 6.8 0.97 -- 0.02851 0.01991 0.719 
287 0.942 4.8 0.75 -- 0.02757 0.01738 0.694 
294 0.971 2.9 0.82 -- 0.02606 0.01666 0.677 
302 0.993 1.1 2.16 -- 0.02714 0.01557 0.547 
 
  
  
WRL Research Report 259   FINAL   June 2016 165 
Rough bed 2: Fr1 = 4.2; Qw = 0.083 m
3/s; Re1=1.7×10
5; h = 36 mm; d1=5.4 cm: x = 0.72 m 
 
y [mm] C [-] F [Hz] V [m/s] Tu [-] Txx [s] Txy [s] (Rxy)max [-] 
5 0.001 0.3 1.07 0.07 0.00107 0.00002 0.035 
15 0.001 0.5 -2.77 0.68 0.00174 0.00082 0.072 
30 0.003 1.5 0.43 0.14 0.00209 0.00022 0.065 
45 0.008 3.4 0.31 0.12 0.00255 0.00017 0.040 
60 0.011 4.7 -- 4.42 0.00279 0.00021 0.058 
75 0.014 7.2 1.48 2.28 0.00353 0.00147 0.081 
85 0.019 10.1 1.44 0.68 0.00315 0.00082 0.074 
95 0.019 9.2 1.02 1.04 0.00434 0.00100 0.089 
105 0.027 14.4 1.22 0.81 0.00397 0.00133 0.117 
115 0.028 15.5 1.09 0.63 0.00439 0.00108 0.093 
125 0.033 20.6 1.12 0.69 0.00314 0.00135 0.106 
135 0.033 21.2 1.50 1.77 0.00328 0.00121 0.096 
145 0.041 28.0 1.26 0.66 0.00290 0.00098 0.123 
155 0.042 27.6 1.32 0.87 0.00359 0.00139 0.133 
165 0.043 30.1 1.14 0.65 0.00189 0.00076 0.114 
175 0.048 31.4 1.17 1.01 0.00218 0.00121 0.118 
185 0.052 33.9 1.18 0.87 0.00195 0.00121 0.128 
195 0.049 34.0 1.37 0.89 0.00221 0.00116 0.119 
203 0.058 37.0 1.13 0.45 0.00219 0.00082 0.135 
211 0.070 40.8 1.05 0.81 0.00276 0.00156 0.158 
217 0.066 38.6 1.24 0.96 0.00293 0.00129 0.143 
223 0.067 35.0 1.06 0.90 0.00363 0.00182 0.165 
229 0.083 40.6 1.17 0.92 0.00301 0.00173 0.159 
235 0.102 43.3 1.01 1.26 0.00611 0.00423 0.258 
241 0.111 42.3 1.01 1.79 0.00672 0.00446 0.265 
245 0.149 42.0 1.19 2.45 0.01015 0.00707 0.356 
246 0.156 41.6 1.07 0.76 0.01494 0.01031 0.434 
250 0.151 42.6 1.16 2.69 0.01221 0.00755 0.371 
256 0.181 40.5 1.06 3.29 0.01704 0.01209 0.523 
262 0.315 41.6 1.07 -- 0.02242 0.01706 0.701 
267 0.398 38.4 1.14 -- 0.02532 0.01921 0.762 
272 0.514 32.2 1.06 -- 0.02711 0.02047 0.782 
277 0.608 28.3 1.01 -- 0.02796 0.02086 0.820 
282 0.680 26.8 1.13 -- 0.02842 0.02145 0.824 
287 0.785 22.3 1.05 -- 0.02759 0.02081 0.837 
292 0.880 13.5 1.03 -- 0.02634 0.02012 0.824 
297 0.906 13.7 1.15 2.60 0.02638 0.02075 0.847 
302 0.965 6.1 1.22 2.34 0.02095 0.01692 0.785 
307 0.977 4.4 1.32 2.37 0.02012 0.01696 0.802 
312 0.989 3.0 1.34 2.18 0.01818 0.01633 0.833 
317 0.989 2.3 1.14 2.27 0.02204 0.01407 0.676 
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Rough bed 2: Fr1 = 4.6; Qw = 0.049 m
3/s; Re1=1.0×10
5; h = 20 mm; d1=3.55 cm: x = -0.15 m 
(no hydraulic jump) 
 
y [mm] C [-] F [Hz] V [m/s] Tu [-] Txx [s] Txy [s] (Rxy)max [-] 
5 0.134 159.4 1.82 0.83 0.00127 0.00083 0.152 
7 0.152 178.9 1.90 0.69 0.00131 0.00078 0.175 
9 0.162 193.5 2.05 0.72 0.00130 0.00094 0.216 
11 0.172 212.4 2.19 0.70 0.00125 0.00091 0.233 
13 0.186 233.9 2.39 0.73 0.00128 0.00100 0.260 
15 0.202 254.6 2.55 0.67 0.00125 0.00098 0.282 
17 0.212 268.5 2.59 0.67 0.00128 0.00102 0.296 
19 0.222 281.3 2.77 0.68 0.00124 0.00100 0.313 
21 0.234 292.0 2.82 0.68 0.00139 0.00118 0.342 
23 0.245 306.0 2.98 0.63 0.00124 0.00100 0.347 
25 0.257 314.3 3.10 0.63 0.00122 0.00110 0.371 
27 0.253 315.3 3.16 0.63 0.00133 0.00119 0.386 
29 0.276 326.6 3.22 0.68 0.00147 0.00131 0.415 
31 0.293 332.8 3.43 0.66 0.00148 0.00131 0.438 
33 0.315 339.9 3.59 0.68 0.00164 0.00150 0.460 
35 0.349 347.6 3.59 0.72 0.00169 0.00156 0.493 
37 0.377 339.2 3.67 0.74 0.00196 0.00179 0.522 
39 0.426 342.3 3.67 0.78 0.00221 0.00210 0.549 
41 0.480 333.2 3.76 0.82 0.00244 0.00236 0.589 
43 0.543 316.4 3.85 0.85 0.00274 0.00261 0.620 
45 0.598 294.4 3.85 0.89 0.00272 0.00273 0.641 
47 0.678 258.6 3.85 0.88 0.00304 0.00306 0.660 
49 0.731 226.4 3.85 0.92 0.00348 0.00348 0.664 
51 0.790 191.0 3.85 0.87 0.00321 0.00322 0.681 
53 0.834 157.2 3.85 0.83 0.00315 0.00325 0.679 
55 0.872 123.5 3.85 0.74 0.00319 0.00325 0.685 
57 0.911 90.4 3.95 0.75 0.00329 0.00349 0.681 
 
 
